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a b s t r a c t

Nanomaterials possess superior optical, electrical, magnetic, mechanical, and thermal
properties, which have made them suitable for a multitude of applications. The present
review paper deals with recent advances in the measurement and modeling of thermo-
physical properties at the nanoscale (from the solid state to colloids). For this purpose,
first, various techniques for the measurement of the solid state properties, including
thermal conductivity, thermal diffusivity, and specific heat capacity, are introduced.
The main factors that affect the solid state properties are grain size, grain boundaries,
surface interactions, doping, and temperature, which are discussed in detail. After that,
methods for the measurement and modeling of thermophysical properties of colloids
(nanofluids), including thermal conductivity, dynamic viscosity, specific heat capacity,
and density, are presented. The main parameters affecting these properties, such as size,
shape, and concentration of nanoparticles, aggregation, and sonication time are studied.
Furthermore, the properties of not only simple nanofluids but also hybrid nanofluids
(which are composed of more than one type of nanoparticles) are investigated. Finally,
the main research gaps and challenges are listed.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

1.1. Nanotechnology background

To understand the unique specifications of nanomaterials, it is best to begin with the origins of nanotechnology. In
1959, a new concept-nanotechnology was first proposed by Nobel award winner physicist Richard Feynman. Then, in 1981,
the atomic cluster was first observed by scanning tunneling microscopy, which marked the birth of nanotechnology. In
1991, carbon nanotubes (CNTs) were first discovered by Iijima [1]. Since then, the study of thermal, electrical and mechani-
cal properties of CNTs has become a hot spot in the nanotechnology field. It is believed that the most promising nano-based
technologies in the current century will be the results of multi-disciplinary efforts involving physics, nanobiology,
nanochemistry, nanoelectronics, nanofabrication, nanomechanics, engineering technology and medical science, etc. [2–4].
Therefore, the first and foremost challenge at this stage is to create more novel nanomaterials and devices with a wide
range of applications, such as nanomedicine, nano-generator and nanoelectronics. With the introduction of the seminal
idea of nanotechnology, nanomaterials that render unique specifications compared with traditional engineered materials
have attracted great attention. Nanomaterials are defined as materials with at least one dimension at the nanoscale. At
present, the research on nanotechnology mainly involves nanomaterial preparation and performance characterization
for applications in microelectronics and computer technology, medical and health technology, aerospace, energy and
the environment, biotechnology and agriculture. Nowadays, researchers are working on modifying the properties of
nanomaterials to adopt them for utilizing in various fields.
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Fig. 1. Schematic diagram of solid nanostructured materials with different dimensions [5–7].
Source: Reprinted with permission from Elsevier and Royal Society of Chemistry.

1.2. What are solid and colloidal nanostructured materials?

Solid nanostructured materials are the most common nanomaterials. They can be roughly classified into four groups
according to their appearance: powder, fiber, film, and bulk. According to the dimensions, nanomaterials are divided into:
(i) Zero-dimensional (0-D) nanostructures, which have all three dimensions on the nanometer length scale, such as
nanoparticles (NPs) and fullerenes;
(ii) One-dimensional (1-D) nanostructures, which only have one dimension at the nanoscale, such as nanowires, nanofibers
and nanotubes;
(iii) Two-dimensional (2-D) nanostructures, which have two dimensions at the nanoscale, such as graphene and nanofilms;
and
(iv) Three-dimensional (3-D) nanomaterials, also known as bulk nanomaterials, which have the characteristics of nano-
materials, such as composite nanomaterials, nanocrystalline (NC) materials.

Fig. 1 presents the classification of nanostructured materials in solid state.
In thermal systems such as heat exchangers which are used in various applications such as car radiators or cooling of

electronic devices, the working fluid plays a vital role as the heat carrier. If the working fluid has not possessed adequate
capabilities for heating or cooling of the thermal equipment, the equipment may be severely damaged. One approach
for modifying the potential of conventional liquids is the addition of solid nanoparticles to increase the liquids effective
thermal conductivity (keff). In practice, the research on nanofluids has begun in 1993 when a report was published on the
thermal conductivity (k) and dynamic viscosity (µ) of water-based suspensions containing Al2O3, TiO2, and SiO2 particles
with sizes in the range of 1–100 nm [8]. However, the term ‘‘nanofluid’’ was first introduced by Choi in 1995 [9]. A
colloidal suspension consisting of one type of nanoparticle and a conventional liquid such as water is called a simple (or
mono) nanofluid. In contrast, hybrid nanofluids are composed of more than one type of nanoparticles into a base fluid.
Ceramic nanofluids are an example of one of the simple nanofluids prepared by the Argonne National Laboratory (ANL)
group. Soon afterwards, the emergence of metal-based nanofluids marked a new step in the field of nanofluid. For this
first time, Xuan and Li [10] used a metal-based nanoparticle, i.e. copper, for making transformer oil based nanofluids.
Since then, nanofluids have become a hot topic of research. Nanofluids could be mixtures of metals (e.g., Au, Ag, Cu,
Fe), metal and non-metal oxides (e.g., Al2O3, TiO2, CuO, SiO2), carbon-based nanomaterials (carbon nanotubes (CNTs),
fullerene, graphene), carbides (SiC) or polymers. Fig. 2 illustrates the classification of nanoparticles and an overview
of nanofluids preparation approach. Water, ethylene glycol and oil are the most common base fluids which have poor
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Fig. 2. Schematic diagram of nanoparticles classification and overview of nanofluids preparation approach.

k [11,12]. Numerous studies have shown that nanofluids exhibit an enhanced k and convective heat transfer coefficient
(h) compared to common fluids [13–15]. In addition, the specific heat capacity (cp), density (ρ) and dynamic viscosity (µ)
are also important thermophysical properties for nanofluids [16–18].

1.3. What are the advantages and disadvantages of nanostructured materials?

In general, nanostructured materials render excellent properties compared to conventional materials, and this endows
them with broad application prospects. Fig. 3 summarizes the advantages and disadvantages of some typical solid
nanostructured materials and nanofluids. For example, in solid nanostructured materials, carbon nanomaterials exhibit
high surface to volume ratio, high electrical conductivity (σ ), high thermal conductivity, high mechanical strength and
good chemical stability. For nano-porous materials, aerogels are the most representative because they have ultra-high
porosity (95% or greater) and ultra-low ρ (0.02–0.32 g/cm3). Since the internal pore size is on the nanoscale, which
is even smaller than the mean free path (MFP) of the energy carriers, aerogels have ultra-low k (0.02–0.036 W/m
K). Hence, aerogels are considered as one of the most promising new high-efficiency insulation materials [19]. In
addition, the high specific surface area characteristics of nano-porous materials also determine their excellent gas storage
characteristics [20]. There are also some disadvantages of solid nanostructured materials, mostly related to cost and
processing.

The cost of synthesizing nanostructured materials is much higher than that of conventional materials. As for some
special nanomaterials, the synthesis and processing technology are still not mature enough to produce on a large scale.
Therefore, commercial applications have been limited.

In addition, there are some disadvantages of nanofluids, which are listed below:

• High cost of preparation and a relatively complicated preparation process.
• A key issue is how to avoid the aggregation and sedimentation of nanoparticles.
• Nanofluids have a higher dynamic viscosity than conventional fluids, so they consume more pumping power during

transport.
• Nanofluids are prone to corrosion of components in contact with them.

1.4. What are the application fields of nanostructured materials?

After understanding how nanostructured materials are different from conventional materials, the question arises on
what fields these materials can be applied to and how can they help us in our daily life? Generally, nanostructured
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Fig. 3. Advantages and disadvantages of some typical solid and colloidal nanofluids.

materials have exhibited great application prospects in the fields of energy, aerospace, environmental science, micro-
electronics, bioengineering, medicine, and other fields [3,21,22]. Nanofluids are used in heat exchangers [23], solar energy
systems [24–28], engine cooling systems [29], refrigerators, as porous media [30], and in many flow processes that require
cooling or heating [31], hence they all have a primary scientific and industrial interest. Fig. 4 illustrates a general overview
of the application fields of nanomaterials.

1.5. Aim of this review article

In this article, a comprehensive state-of-the-art review of the thermophysical properties of nanoscale materials is
provided. The review is presented in two parts, the first part (Part I) mainly introduces the latest research progress on
thermophysical properties of solid nanostructured materials, which includes theoretical and experimental research ad-
vances in k, cp, and thermal diffusivity (α), focusing on the experimental measurement techniques, theory vs. experiments
and the main factors affecting various thermophysical properties. The second part (Part II), mainly introduces the latest
research progress on the thermophysical properties of nanofluids, including various mathematical models (from classical
to advanced models), experimental measurement techniques, theory vs. experiments and the main factors affecting the
k, cp, ρ, µ and heat transfer rate of nanofluids. In addition, studies on molecular dynamic (MD) simulation that is used
for modeling the properties at the nanoscale are reviewed. The review ends with a summary of the applications of data
mining in the study of thermal properties of nanomaterials, and a brief discussion of the challenges and gaps in the
research at the present stage, with future research hotspots and directions proposed.

2. Solid state

This section focuses on the thermophysical properties of solid nanomaterials especially carbon nanotubes, fibers,
nanowires, nanofilms, graphene and nanocomposites. State-of-the-art measurement techniques for thermophysical prop-
erties are exposed, including the T-type probe method, the 3ω method, and their combination form called 3ω-T type
method, the comprehensive T-type method, the H-type method and the laser flash Raman spectroscopy. For crystalline
nanomaterials, the dominant energy carriers are crystal vibrations, phonons which have characteristic lengths on the
order of nanometers. There are several factors that affect their k, cp and α, such as the intrinsic electron–phonon
and phonon–phonon scatterings, grain boundaries, surface interactions, grain size and temperature [32]. In amorphous
nanomaterials, which are completely disordered in structure, the phonons no longer satisfy the intrinsic thermal transport
mechanism. All phonon vibration modes are localized, and the corresponding disordered diffusion between high-energy
localized vibrational modes (LVMs) is the primary means of thermal transport. Therefore, the disorder and temperature
of amorphous materials are the main factors affecting their k [33]. Knowledge of the phonon transport mechanisms and
adjacent LVMs in solid nanomaterials is a prerequisite for accurately description of the thermal transport processes.
A broader range of phonon transport mechanisms and LVMs are the theoretical basis for studying the thermophysical
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Fig. 4. Widespread application fields for nanomaterials: From solid state to colloids.

properties of solid nanomaterials, such as phonon dispersion, correlated scattering, ballistic transport and low-frequency
propagating and diffusive vibrational modes [34]. A schematic diagram of the research on thermophysical properties of
solid materials is shown in Fig. 5.

2.1. Thermal conductivity

In general, the main purpose of research on the nanomaterials thermal conductivity is to make their conductivity as
high or low as possible depending on the application. For the study of thermal conductivity, we will focus on theory,
experimental measurement techniques, MD simulation and the key influencing factors on thermal conductivity value.

2.1.1. Theory
In order to better understand the thermophysical properties and thermal transport mechanisms in nanoscale materials,

theoretical research is essential [35–49]. It is well known that electrons and phonons are the energy carrier in metallic
nanomaterials while in non-metal crystalline materials, phonons are the primary energy carriers responsible for thermal
transport [35]. Therefore, studying the phonon MFP distribution is critical to recognize the internal thermal transport
mechanisms of crystalline materials [41]. In nanostructured materials, the wave vectors and MFP of phonons carrying a
large amount of energy are at the nanoscale. Therefore, finding the MFP distribution of phonons is a key to understand
the thermal transport characteristics of phonons as carriers. Fig. 6 displays a flow chart for the theoretical study of k for
solid nanostructured materials.
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Fig. 5. Schematic diagram of the overall framework of thermophysical properties of solid nanomaterials.

Fig. 6. Flow chart of the theoretical study for the thermal conductivity of solid nanostructured materials.

Compared with its bulk materials, the scattering of nanomaterials at the interface greatly reduces the k. The key factor
determining the scattering of nanostructure interfaces lies in the relationship between the characteristic length of the
nanostructures and the MFP of the carriers. In 2013, Yang and Dames [35] have studied the k of bulk materials and
nanostructures through MFP spectrum and thermal conductivity accumulation function (kacc), the advantage is that it
can specifically quantitate the contribution of each MFP to the bulk thermal conductivity. Based on the kinetic theory
and Boltzmann transport equation (BTE) in the relaxation time approximation, the k of an isotropic bulk material can be
expressed as [36]:

kbu =

∑
P

∫
∞

0

1
3
c (ω) ν (ω) Λbudω (1)
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where ω and v represent the phonons frequency and the phonons group velocity, respectively, c(ω) represents the
volumetric specific heat capacity per unit phonon frequency, Λbu is the bulk phonon MFP and P indexes the polarizations.
The above equation is derived on the assumption that the dispersion relation under the relaxation time approximation is
isotropic.

In order to focus on the bulk MFP, Λbu and reflect its contribution to k, the integral variable is changed from ω to Λbu
and exchanges the order of integration and summation, Eq. (1) can be expressed by [35,36]:

kbu =

∫
∞

0

(
−

∑
P

1
3
c (ω) ν (ω) Λbu

dω
dΛbu

)
dΛbu =

∫
∞

0
kΛbudΛbu (2)

where kΛbu is the contribution to k per MFP. Subsequently, Yang and Dames [35] applied the concept of bulk MFP
distribution to the calculation of k of nanostructured materials (knano). And here are some necessary assumptions: ignoring
the effect of the wave confinement, the group velocity (v) and spectral heat capacity c(ω) of the nanostructures are
approximately the same as that of bulk. Thus, compared to the thermal transport inside the bulk, the nanostructures
exhibit a significantly reduced MFP due to the scattering of energy carriers at the boundaries and interfaces, and the knano
is written by [37–39]:

knano, type =

∑
P

∫
∞

0

1
3
c (ω) ν (ω) Λnanodω (3)

where the subscript ‘‘type’’ represents the type of nanomaterials, such as nanowire or nanofilm, Λnano is the nanostructure
effective MFP. The scattering from boundaries and interfaces results in Λnano < Λbu, which again changes the integral
variable from ω to Λbu and exchanged the order of integration and summation [35]:

knano, type =

∫
∞

0

[
−

∑
P

1
3
c (ω) ν (ω) Λbu

(
dΛbu

dω

)−1
]

Λnano

Λbu
dΛbu =

∫
∞

0
kΛbu

Λnano

Λbu
dΛbu (4)

where Λnano strongly depends on the characteristic length (Lc) and the type of nanostructure.
Alternatively, another perspective different from bulk MFP spectrum is kacc. In terms of the normalized kacc, it can be

defined as [40]:

kacc (Λbu) =
1
kbu

∫ Λc

0
kΛbudΛbu (5)

which represents the fraction of the total k due to carriers with MFPs less than Λbu. Eq. (5) was first proposed by Dames
and Chen [40]. Eq. (4) has a counterpart related to the kacc, thus the knano can be obtained by using Eqs. (4) and (5):

knano,type = −kbu

∫
∞

0
kacc (Λbu)

dBtype

dΛbu
dΛbu (6)

where Btype is a function related to the ratio Λbu/Lc, and it depends on the type of nanostructure and Knudsen number
(Kn). When Λbulk = 0, Btype → as Λbulk → ∞, kacc(Λbulk) = 0, which can be interpreted as an enormous interfacial thermal
resistance caused by boundary scattering.

In addition, the gray model is another common simple approximation approach for predicting the effect of the MFP
spectrum on k. Traditionally, based on a single lumped ‘‘gray’’ or effective MFP, the contribution of MFP distribution to
thermal transport can be described as [35]:

ΛGr =
kbu∑

P

∫
∞

0
1
3 c (ω) ν (ω) dω

(7)

which assumes that the bulk MFP distribution is not affected by a given temperature, it always uses the same gray value.
Therefore, the calculation formula of knano of the gray model can be obtained using Eqs. (6) and (7) [35]:

knano,Gr = kbuBtype

(
ΛGr

Lc

)
= kbuBtype (KnGr) (8)

where KnGr is the Knudsen number of the gray medium. Although this approximation method is relatively simple, its
applicability is rather limited. It exhibits a good approximation for a system with a narrow distribution of real MFPs.
However, for other widely distributed systems, the gray model is not valid. The above mentioned models are summarized
in Table 1.

Early in 1959, Callaway [41] proposed a theoretical model for calculating the k of the lattice at low temperatures,
which is named the Callaway model. It is assumed that the phonon scattering process can be represented by a relaxation
time related to ω, and that there is no dispersion and isotropy in the crystal vibrational spectrum. Assuming identical
contributions from longitudinal and transverse phonons to the heat conduction, phonon scattering mechanisms involved
in (i) normal three-phonon processes (N processes), (ii) boundary scattering, (iii) point impurities and (iv) Umklapp
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Table 1
Summary of some models for thermal conductivity of bulk and nanostructured materials.
Materials Equation Ref.

Bulk kbu =

∑
P

∫
∞

0

1
3
c (ω) ν (ω) Λbudω [36]

Bulk kbu =

∫
∞

0

(
−

∑
P

1
3
c (ω) ν (ω) Λbu

dω
dΛbu

)
dΛbu =

∫
∞

0
kΛbudΛbu [35,36]

Nanostructure knano, type =

∫
∞

0

[
−

∑
P

1
3
c (ω) ν (ω) Λbu

(
dΛbu

dω

)−1
]

Λnano

Λbu
dΛbu =

∫
∞

0
kΛbu

Λnano

Λbu
dΛbu [35,37–39]

Nanostructure knano,type = −kbu

∫
∞

0
kacc (Λbu)

dBtype

dΛbu
dΛbu [35,40]

Nanostructure (gray model) knano,Gr = kbuBtype

(
ΛGr

Lc

)
= kbuBtype (KnGr) [35]

processes (U processes) are all considered. Through these assumptions and approximations, Callaway obtained the
following integral expression for k [41]:

k = cT 3
∫ θD/T

0

x4ex (ex − 1)−2 dx
νb/L + Ix4T 4 + (ς1 + ς2) x2T 5 + k2 (9)

where T is temperature, c =

(
k

2π2νs

) ( k
h̄

)3
, vs is an average phonon velocity, I = A

( k
h̄

)4
-isotope scattering contribution, A

is a coefficient, subscript i = 1 and 2 represent the N and U processes, respectively. ςi denotes three phonons scattering,
h̄ is the reduced Planck constant, θD is Debye temperature, k2 is a correction term, and x =

h̄ω
kBT

. Based on the above
analysis, Allen [42] revisited the Callaway model and improved, corrected and simplified it. Based on the Debye-type
phonon model, the relative roles of the N and U processes are reanalyzed. He postulated that Callaway underestimated
the suppression of the N processes in relaxing thermal current and proposed a new calculation result of k by elongating
the relaxation time. The Callaway model based on the Debye approximation is [42]:

k = kRTA

(
1 +

τC (ω, T ) /τN (ω, T )

τC (ω, T ) /τU (ω, T )

)
(10)

where kRTA is the k corresponding to the relaxation-time approximation (RTA), τ is the relaxation time.
An analytical model of crystal k different from the Callaway model was proposed by Holland [43]. It fully considers the

effect of longitudinal and transverse phonons on heat conduction, and proposed a new theoretical model for k, consisting
of two parts:

k = kT + kL (11)

where

kT =
2
3

∫ θT/T

0

cT 3x4ex (ex − 1)−2 dx
τT−1 (11a)

kL =
1
3

∫ θL/T

0

cT 3x4ex (ex − 1)−2 dx
τL−1 (11b)

and subscripts T and L indicate the transverse and longitudinal phonons, respectively. The k of silicon in the temperature
range of 1.7–1300 K is calculated by this model, which is in good agreement with experimental data [43].

Slack [44] first discussed the scattering of Born–von Karman dispersion in 1964. Based on the Born–von Karman
dispersion theory, the Born–von Karman–Slack (BvKS) model was proposed by Dames and Chen [40]. In the BvKS model,
the frequency ω is expressed as:

ω = ω0 sin
(

πq
2q0

)
(12)

where q0 is the Debye cutoff wave vector, which is determined by the number density of original unit cells, and ω0 is the
frequency parameter. The BvKS dispersion theory includes a reduced wave vector group velocity close to the first Brillouin
zone boundary. The calculation results of the BvKS model are most consistent with the numerical results [35]. This suggests
that the BvKS model is more accurate and superior for studies involving phonon boundary scattering compared to the
Holland model, the modified Callaway model and the gray model.

Based on the above theoretical concept, Yang and Dames [35] calculated the phonon contributed k of silicon by six
models: the three most common analytical models (Callaway model [41], Holland model [43] and Born–von Karman–Slack
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(BvKS) model [40]), MD simulation, first-principles (1stP) calculation and a simple gray model. For bulk Si, the calculation
results of the three analytical models agree well with the experimental data as the relative error is less than 10%. For
an individual silicon nanowire with diameter of 115 nm, the calculation results of the BvKS model fit better with the
experimental data than the other models. Furthermore, based on the assumption of diffusion boundary scattering, the
normalized k of silicon nanowires and the normalized in-plane k of silicon thin films were calculated based on the above
integral transformation.

Cuffe et al. [45] conducted a theoretical and experimental study on the contributions of reconstructing the MFP
distribution to k for Si nanofilms. To verify the accuracy of the experiments, they used the phonon BTE to calculate k
for Si nanofilms by assuming an approximate isotropic dispersion:

kmem =

∑
S

∫
∞

0

1
3
c (ω) νS

(
Λbu

d

)
Λbudω (13)

where d is the thickness of the nanofilm and S is a function representing the contribution to the heat flux of a phonon
with a particular MFP and is given by [45]:

S
(

Λbu

d

)
= 1 −

3
8

Λbu

d
+

3
2

Λbu

d

∫
∞

1

(
1
t3

−
1
t5

)
e−

d
Λbu

tdt (14)

and the c(ω) is defined as [36]:

c (ω) =
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h̄ω
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(15)

Here, D(ω) is the density of states, gBE is the Bose–Einstein distribution and q(ω) is the polarization-dependent phonon
wave vector. Based on the normalized accumulated MFP distribution in Eq. (5), we can obtain the relationship between
kmem and kbu, which is given by Eq. (16) [45]:
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However, it is difficult to invert this equation to obtain kacc as a function related to d from experimental measurements
(kmem). The reconstruction of the kacc can be implemented by imposing some constraints on it. Using an algorithm based
on a convex optimization procedure, the result of the reconstruction is obtained, which is in good agreement with the
distribution calculated from first principles and the MD calculations.

For amorphous nanomaterials, the dominant factor affecting their k is the degrees of disorder (ε). As is well known,
the most common materials (such as silica, silicon, graphene) have several different stable structures, i.e., single crystal,
polycrystalline, amorphous. The biggest difference between these structures is the different ε. As an important structural
parameter, ε is a strong indicator of the thermal transport properties of materials. Specifically, an ultra-low ε indicates
a very orderly internal structure of the material, which is considered as a single crystal structure with various excellent
properties, such as extremely high k up to 5300 W/m K [46]. A relatively high ε indicates disordered internal structure
or the called amorphous structure. The k is close to that of an insulator which is typically below 1 W/m K [47]. For
amorphous nanomaterials with high ε, the phonon velocity and polarization direction inside the structure are not clear,
and the related concept of a phonon cannot be used to evaluate the thermophysical properties any more. When the value
of ε is within 0–1, the heat conduction mainly depends on both phonons and diffusons. Diffusons contribute to k by
harmonic coupling with other modes due to the disorder. Therefore, for nanostructures with a certain degree of disorder,
the total vibrational k consists of two parts [47]:

k = kP + kD (17)

where kP denotes the k contributed by phonons from propagating modes, and kD represents the k contributed by diffusons
from nonpropagating modes given by the Allen–Feldman (AF) theory [48,49]. The kP can be derived from the cp in different
modes and vibrational density of states (VDOS) of phonons [47]. During the derivation of Eq. (18), the system is assumed
to be isotropic and has a single polarization, so that mode properties are only related to ω [48,49]:

kP =
1
Vs

∫ ωcut

0
D (ω) c (ω) α (ω) dω (18)

where Vs is the system volume, and ωcut is the phonon cutoff frequency. When the frequency is less than ωcut, phonons
contribute to transport, and at higher frequencies diffusions contribute. D(ω), c(ω) and α (ω) = ss2τ (ω) /3 are the
vibrational density of states, mode specific heat capacity and mode thermal diffusivity of the vibration mode related
to ω, respectively. τ (ω) is the phonon lifetime and ss is the sound speed. For phonons, the DOS of the material can be
described by the Debye model [47]:

D (ω) =
3Vω2

2π2ss3
(19)
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Thus, we can judge the ωcut and ss of the material according to whether the VDOS of the material satisfies the Debye
model. The quantum expression for the c(ω) is given by:

c (ω) = kB

[
h̄ω/2kBT

sinh (h̄ω/2kBT )

]2
(20)

where kB is the Boltzmann constant. Similar to the contribution of phonons to k, the contribution of diffusons to k can
also be derived from the c in different modes and α [48,49]:

kD =
1
V

∑
ω>ωcut

c (ωi) α (ωi) (21)

where ωi is the vibration frequency of the ith localized mode, c(ωi) is the diffuson isobaric specific heat capacity, and
α(ωi) is the diffuson diffusivity of the ith localized mode. The thermal diffusivity of the localized mode can be derived
from the AF theory [48]:

α (ωi) =
πV 2

h̄2ωi
2

∑
j̸=i
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⏐⏐2 δ

(
ωi − ωj

)
(22)

where Mij is the thermal coupling between ith modes and jth modes, which can be calculated by the modal frequencies
and the spatial overlap of mode vectors.

In this section, we have summarized and combed the theoretical models for the k of solid nanomaterials. For crystal
materials, the wave vector of phonons carrying a large amount of energy and the MFP at the nanoscale are the key factors
determining the k. Here we first introduce the theoretical models for the k of the bulk based on the BTE; then, based on
the bulk theoretical models, the model for the k of nanomaterials was proposed, and the process and principle of this
evolution were described in detail. Finally, the Callaway model, the Holland model, the BvKS model and a simple gray
model were introduced. For amorphous nanomaterials, the k is dominated by phonons and diffusons. The contribution of
diffusons comes from their harmonic coupling with other modes, which can be obtained by the AF theory.

2.1.2. Experimental measurement techniques
2.1.2.1. T type probe method (for nanotubes, nanowires). The T-type probe method is an effective method to measure the
k of individual micro/nanoscale fibrous materials, such as nanotubes and nanowires. Zhang et al. [50] first developed this
steady-state measurement method based on the heat conduction principle of the pin fin when it is attached to a hot
wire. A platinum wire with known electrical and thermal properties is used as the heating wire, and the two ends of the
wire are welded to the heat sink. When a direct current is applied to the wire from both ends, the uniform heat flux
creates a parabolic temperature distribution in the metal wire. Fixing one end of the individual fibrous material on the
heat sink while the other end is overlapped at the middle of the heating wire, heat will flow from the heating wire into the
fibrous material and results in a parabolic temperature distribution within the test structure. According to the evolution
of the temperature distribution, the axial k of the fibrous material is extracted [51]. It is to be noted that the measurement
uncertainty of this method is less than 7% in the vacuum condition. A key issue affecting the measurement accuracy is the
thermal contact resistance at the connection between the fibrous materials and the hot wire. Wang et al. [51] separated
the axial thermal conductivity of the fibrous sample from the thermal contact resistance by measuring the fibrous samples
with a series of different lengths while maintaining the same contact conditions.

In addition to the measurement of a single fibrous sample with micrometer diameter, Fujii et al. [52] implemented
the measurement of the k using the T-type probe method for a single CNT with diameter of tens of nanometers. A unique
sample holder consisting of suspended platinum film nanosensors was fabricated by electron beam etching on a multilayer
film. Under the scanning electron microscope (SEM), a single CNT grown by the arc discharge evaporation method was
suspended on the electrode of the nanosensors with two ends fixed by locally focused electron beam irradiation. The k of
the CNT was obtained by measuring the average temperature rise and the heat generation rate of the nanosensors. It was
observed that the k of the single CNT decreased with increasing diameter. Specifically, for a single CNT with the diameter
of 9.8 nm (CNT I), k exceeded 2000 W/m K. For a single CNT (grown in the same process of CNT I) with the diameter of
16.1 nm (CNTII), k decreased to 1600 W/m K. For an individual CNT (still grown in the same process of CNT I and CNT
II) with the diameter of 28.2 nm (CNT III), the k decreased to 500 W/m K. Furthermore, the k no longer increased with
the increasing temperature when the temperature reached 320 K, which can be explained noting that phonon scattering
became the dominate mechanism of thermal transport.

2.1.2.2. 3ω method (for nanotubes, nanowires, nanofilms). The traditional 3ω method is based on a micrometer-sized metal
strip with four pads on the surface of the material to be tested. The strip is used as both a heater and a temperature sensor.
Driven by a sinusoidal alternating current with an angular frequency of 1ω, the strip produces a temperature fluctuation
of 2ω. In a small temperature range, the resistance of the strip also fluctuates with frequency of 2ω. The resulting third
harmonic voltage (U3ω) contains information related to the thermophysical properties of the sample. Cahill [53,54] first
proposed this method for k measurement of solid bulks and films. At present, this method has been applied to the k
measurement for a wide range of micro/nanoscale materials [6,48–59].



12 L. Qiu, N. Zhu, Y. Feng et al. / Physics Reports 843 (2020) 1–81

Ahmed et al. [55] first measured k (∼26 W/m K) of an ultrathin nano crystalline diamond film with a thickness of
16 µm using the frequency range up to 1 MHz. In addition to a single layer film, Olson et al. [56] extended the 3ω
method for multilayer structures. This work uses a non-approximate analytical solution to extract the k of multilayer film
structures in the form of thermal impedance, and the α of the material can be obtained at the same time. For microfilms
with anisotropic k values, Qiu et al. [57] shear pressed and polished the top of a vertically aligned CNT (VACNT) array to
a horizontally aligned CNT (HACNT) film, then deposited a group of sensors with different widths and directions on it.
Through analyzing the variant temperature rise versus frequency curves, the anisotropic k values along x (in-plane along
the CNT axes), y (in-plane perpendicular to the CNT axes) and z (out-of-plane) directions are extracted to 127 W/m K, 42
W/m K and 4 W/m K, respectively.

Qiu et al. [60] then applied the similar test structure to measure the k of a single conductive carbon fiber (CF) and
CNT fiber, respectively, both of which accurately reflected the axial thermal transport performance of individual fibrous
samples. Since this method uses the fiber itself as the heater and thermometer, its feasibility strongly relies on the highly
conductive properties of the materials [61,62] in the previous reports. To handle the challenge of measurements on non-
conductive fiber, Qiu et al. [63] modified the 3ω method by depositing a platinum conductive layer on the surface of the
non-conductive fiber to secure the electrical current passing through the fiber, achieving k measurement of individual
porous polyimide fibers.

Another milestone on the development path of the 3ω method is the freestanding sensor-based 3ω technique, which
ensures the porous material with uneven surfaces can be measured even in on-site situations [5,64]. An advantage of
this method which needs to be pointed out is this modified method can achieve the simultaneous measurement of
k and contact thermal resistance between the sample-sensor interface [65] or even the nanoscale interfacial thermal
transport characteristics within nanoparticle-decorated graphene layers [66], which is a hotspot in micro/nanoscale
thermal transport studies.

2.1.2.3. 3ω-T type method (for nanotubes, nanowires). For most materials, but especially for thermoelectric materials,
there is a need to extract multiple physical parameters (k, α, cp, σ , temperature coefficient of resistance, Seebeck
coefficient) simultaneously in order to evaluate their specific characteristics. When the material size goes down to
micrometers or even nanometers, two problems are frequently encountered: one is the remarkable difference between
the individual samples, hence it is better to measure all of the properties from the same individual sample; the other is
that multiple transfer of samples during the separate measurements for different physical properties lead to damage to
the morphologies of the microscale samples, thus affecting their intrinsic physical properties. To solve these problems, Ma
et al. [67] developed the so-called comprehensive 3ω-T type method, which successfully realized the in-situ measurement
of multiple parameters, as given above, for individual Bi2S3 nanowires.

The conventional DC T-type method can be applied to measure the thermal contact resistance and thermal impedance
of nanowires. It can also be used to measure the thermal effusivity (b) of the nanowire, and then the k is obtained by the
formula k = b2/ρc. The 3ω-T type method has an advantage over the 3ω method in that it can measure the thermophysical
properties of both metallic and non-metallic nanowires, that is to say, the 3ω-T type method is not limited to conductive
samples. Compared with the conventional DC T-type method, the thermal penetration depth of the hot wire in the 3ω-T
type method can be changed by adjusting the frequency of sinusoidal alternating current. Thereby, the separation of
the thermal resistance of the test wire from the junction can be implemented [68]. For the 3ω-T method, the relative
uncertainty of the α is 6% for microscale samples and 18% for nanoscale samples.

2.1.2.4. H-type method (for nanofilms). The H-type method is one of the most common methods for measuring the k of
nanofilms. The measurement principle is to sandwich the nanofilm between two metallic sensors, and then control the
temperature of the metallic sensor by regulating the heating power of the metallic sensor. The temperature difference
between the sensor and the nanofilm determines the k of the nanofilm. Typically, a larger temperature difference between
the film and the metal sensor indicates a lower k of the film. Wang et al. [69] discovered the existence of thermal
rectification in various asymmetric monolayer graphene nanostructures by the H-type method. By preparing asymmetric
single-layer defect-engineered graphene rectifiers by electron beam lithography and ion etching, the k of the thermal
rectifiers was measured by monitoring the temperature change of the graphene sandwiched between the metal sensors
caused by heat conduction. A two-dimensional heat conduction model for the H-type method was also established,
combined with the COMSOL multiphysics software for thermodynamic process analysis. It can be observed that the k
for the defect-engineered graphene thermal rectifier was significantly lowered, accompanied by the average thermal
rectification factor ξave of 26%. It was also concluded that the asymmetric structure of the single-layer graphene thermal
rectifier has higher k and lower thermal rectification factor than the defect-engineered graphene thermal rectifier.

2.1.2.5. Raman spectroscopy method (for nanofilms). Although ideal 2-D graphene is predicted to possess an extremely
high k, experimental data have not been reported yet since conventional thermal measurement methods, such as the laser
flash method and the thermal bridge method, are not enable to measure the thermal conductivity of graphene with the
single atomic layer thickness. Due to the strong temperature dependence on Raman G peak frequency, Balandin et al. [46]
proposed to carry out the measurement of k for suspended single-layer graphene (SLG) based on Raman spectroscopy.
The results suggested that the k of SLG was 4840–5300 W/m K at room temperature (RT), which was slightly higher than
the reported single-walled CNT (SWCNT) value [70,71]. In the same year, Ghosh et al. [72] reported the extremely high
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k of a set of graphene flakes suspended across trenches in a Si/SiO2 wafer also through the Raman spectroscopy method.
The graphene flakes rendered k in the range of 3080–5150 W/m K while the phonon MFP was about 775 nm. This work
further explored the mechanism of high thermal transport. In addition, it proposed that graphene multilayer films can be
well applied in micro/nano thermal management since they are prone to interface with the heat sink.

For accurate measurement of graphene thermal conductivity, researchers have focused on the Raman spectroscopy
method, in order to actualize non-contact, non-destructive and fast thermal property measurement. Faugeras et al. [73]
measured large-area monolayer graphene and obtained k of about 630 W/m K, which is significantly different from the
previous report of the extremely high k up to 5000 W/m K. The authors believed that this huge deviation was mainly due
to the different assumptions which are made for optical absorbance efficiency of graphene samples. By considering the
effect of environment, Chen et al. [74] placed the SLG in a vacuum, air and CO2 gas, respectively to compare differences
in k of SLG by Raman spectroscopy. The large differences in k among different environments indicated that the heat loss
to the surrounding gas should be considered to avoid the measurable errors in k. To eliminate the effect of substrate,
Cai et al. [75] grew the graphene monolayer over a hole substrate, and obtained k of about 630 W/m K at 660 K for the
suspended graphene without a substrate. Yan et al. [76] extended the samples from carbon materials to molybdenum
disulfide (MoS2), and measured multiple types of monolayer MoS2 including suspended, Si3N4-supported and sapphire-
supported with k of 34.5 ± 4 W/m K, which agreed well with simulation results. The accurate characterization of the
single-layer MoS2 in this work provided important data for its optical and electronic applications. In addition, inspired
by Balandin’s work, Doerk et al. [77] proposed the thermal measurement method of single nanowires by the Raman
thermography technology, which greatly expanded material categories based on Raman measurements.

2.1.2.6. Time-domain thermoreflectance. Time-domain thermoreflectance (TDTR) is a powerful method to measure the k
because it has a high accuracy and wide applicability for various materials, especially for micro/nano-scale materials.
However, because of the long platform displacement required for the temporal delay, it is difficult to maintain the size
and position of the laser spot as it is focused on the sample, which limited application and further development. This
was true until Costescu et al. [78] found the measurement error due to small spot sizes and unchanged position can be
reduced once the ratio of the in-phase signal to the inverted signal is used as the fitting signal. Hence, scholars began to
use this technique to measure the thermal conductance (G) at solid interfaces. Then, Cahill [79] focused on how to use
TDTR for layered structure measurements. During this study period, he found the accurate heat transfer model for the
metal interfaces is much more complicated due to the additional effect caused by electrons. In order to break through the
limitations of the materials’ types, Gundrum et al. [80] heightened the sensitivity and accuracy by using the ratio of in-
phase signal to out-of-phase signal to replace the in-phase signal, and successfully extended the G measurement to typical
metal interfaces such as Cu–Al interfaces. Lyeo and Cahill [81] further studied G of an intriguing an-harmonic scattering
interface formed by the interface of low and high Debye temperature materials, i.e., bismuth/hydrogen-terminated
diamond interface. It was not surprising to find that G was extremely low which even significantly exceeded the radiation
limit. These results illustrated that there was an additional thermal transport channel by the three phonon processes
owing to the highly dissimilar lattice vibrations. The exploration of the TDTR method implemented by Cahill has laid a
solid foundation for TDTR’s application in micro and nanoscale thermophysical measurement and provided new ideas for
further development of the TDTR method.

Other scientists have also contributed a lot to the TDTR technique. Li et al. [82] proposed the Asymmetric-Beam
Time-Domain Thermoreflectance (AB-TDTR) technique based on the controllable elliptical ratio and spot size. Utilizing
the significantly different sensitivity of the out-of-plane or in-plane signals, k in the direction of interest can be obtained.
This technology can be used for k measurement of isotropic (boron phosphide, boron nitride and silicon), transversely
isotropic (sapphire, quartz and graphite) and anisotropic materials (black phosphorus). Jiang et al. [83] achieved high-
accuracy k measurement (uncertainty < 10%) of thin films (∼400 nm) by developing the dual-frequency TDTR. They [84]
also pointed out that rough surfaces could be measured once the artificial signals were eliminated by avoiding the pump
beam leaking into the photodetector. Jang et al. [85] completed the measurement of k in different directions of black
phosphorus by using the low frequency to extend the laser’s thermal penetration depth for out-of-plane measurement
and the beam-offset method for in-plane measurement. Jiang et al. [86] reported a new TDTR technique based on a variable
spot size approach which overcame the measurement problem associated with strongly anisotropic materials, and this
technique has been used on a wide variety of materials including molybdenum disulfide, rutile titania, and highly ordered
pyrolytic graphite. Fig. 7 shows a schematic diagram of the k measurement methods mentioned above for nanostructured
materials [50,61,65,69,86–88].

2.1.3. Experimental studies
In the previous section we have detailed the various techniques for measuring k of solid nanostructured materials,

including their measurement principles and the selection for different nanomaterials. Since some typical nanomaterials,
such as CNT, graphene, fullerene, nanofilms and nanowires, have a certain crystal structure, grain size, grain boundary,
interfacial interaction, defect concentration, and doping degree, these features, together with the temperature, will play
a major role in the determination of k [89] Here, we will discuss in detail how these factors affect the k.
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Fig. 7. Schematic diagrams of measurement techniques for: (a) T-type probe method [50] (Reprinted with permission from Springer Nature),
(b) 3ω-T type probe method [87] (Reprinted with permission from Springer Nature), (c) Laser flash Raman spectroscopy method [88] (Reprinted with
permission from RSC Pub), (d) H-type probe method [69], (e) 3ω method, (f) 3ω method for fiber measurement [61] (Reprinted with permission
from Elsevier), (g) freestanding sensor-based 3ω method [65] (Reprinted with permission from Elsevier) and (h) TDTR method [86] (Reprinted with
permission from AIP Publishing).

2.1.3.1. Effect of grain size. It is widely recognized that the effect of grain size (L) on the k of polycrystalline solid
materials is not negligible. In the 1980s, scientists began to pursue knowledge of how grain size would affect the
thermophysical properties of polycrystalline materials. A good example is an Australian material scientist Savvides [90],
who experimentally confirmed the k of polycrystalline Ge30Si70 is negatively linearly correlated with L−1/2 for L exceeding
10 µm, which is perfectly consistent with theoretical predictions. Zhang et al. [91] experimentally corroborated that the k
of polycrystalline platinum nanofilms is mainly reduced by grain boundary scattering instead of surface scattering. Since
the in-plane grain size (Li) determines the grain boundary scattering rate, increasing Li helps reduce the scattering. Dong
et al. [92] demonstrated when L is large enough in nanocrystal materials, the internal thermal resistance is close to that
of the single crystal, and the thermal resistance between the crystals approaches zero. The size effect is greater than the
grain boundary effect on the k for the nanocrystal material. A study by Wang et al. [38] also confirmed this point. Similarly,
Soyez et al. [93] also corroborated that increasing the nanoparticle size is another effective way to boost k.

Notice the above-mentioned studies mostly focused on nanofilm materials, which are representative of NC materials. It
is worth mention that a study by Qiu et al. [94] experimentally confirmed the grain size effect on k also existed in carbon
fibers (CFs) after graphitization treatment. This case is special because although the fiber size is not at the nanoscale,
the inner structure is composed of nanocrystals. This was the first time that macroscopic materials can also render size
effects on k. In brief, the reciprocal of in-plane coherence length (La−1) can reflect the number of grain boundaries, which
adversely and linearly related to the k (k ∝ −La−1). In marked contrast, some studies have found k might be dominated
by defects instead of L. An example is from a study by Watari et al. [95], who claimed the k of polycrystalline Si3N4 was
determined by internal defects, such as dislocation, while L seemed to have no obvious effect on k.

2.1.3.2. Effect of grain boundary. As mentioned above, grain boundaries are another important factor that affects the k
of NC materials. A wide variety of nanostructures have now been introduced into materials, which fuels the enormous
amount of research on phonon grain boundary scattering to boost thermoelectric performance [38]. It is generally
believed that NC boundaries can effectively scatter short-wave phonons, which reduces the lattice k of the material in
the low temperature region. To harness this feature, scientists chose NC-silicon instead of single crystal silicon as an ideal
thermoelectric material, since the k of NC-silicon is two to three orders of magnitude lower than that of single crystal
silicon, indicating a high figure of merit (ZT) value [96].

Mohr et al. [97] studied the effect of grain boundaries on the k of nanodiamond films. The study found that the k due
to grain boundary scattering is an index of the cohesive energy of the grain boundaries. Furthermore, the structure, width
and chemical composition of the grain boundaries also have a non-negligible impact on the k of the nanodiamond film.
Grain boundaries with a higher sp3/sp2 ratio show a higher k. In addition, the grain boundary elastic modulus affects k
more than the elastic behavior. Anaya et al. [98] confirmed that the in-plane k of polycrystalline diamond film is strongly
inhomogeneous, which is a result of the limitation of the MFP of phonons at the grain interface. The above researches
have provided new ideas for controlling the heat transfer by means of controlling grain boundaries.

2.1.3.3. Effect of surface interactions. How to use surface interactions to modulate the thermophysical properties is always
a research hotspot for thermal functional materials. It is experimentally corroborated by Qiu et al. [61] that decorating
noble nanoparticles (Au, Pd, Pt) onto CNT surfaces can induce low-frequency vibrations of C atoms at the CNT interface,
which contribute to interfacial heat transport. By decorating 10% (wt%) Au nanoparticles between CNTs, the axial k of
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the assembled fibers gets boosted by 70%. Similarly, small halogen molecules added into CNT interfaces also improve the
interfacial thermal transport by introducing low-frequency phonons and providing additional thermal channels [62].

Another general method for surface interaction modification is functionalization of the surfaces. Li et al. [99] studied
the k of hybrid graphene nanoribbons by reverse NEMD and reported that graphene with gradient hydrogen arrangement
showed a remarkable thermal rectification without the chirality and length dependence. Qiu et al. [61] prepared CNT
fibers with inter-tube functionalized surfaces, and the k of the fibers got diametrically boosted owing to the improved
interfacial heat transfer.

Since surface interaction is dominated by the non-bonded van der Waals force which generally leads to weak energy
transport, novel interfacial structures with stronger bonding and enhanced heat transfer have been sequentially reported.
Losego et al. [100] modified the interfacial force from van der Walls to covalent bonding by the self-assembled monolayer
and realized ∼80% boost of the interfacial thermal conductance (G) between Au and z-cut quartz surfaces. Based on the
above work, O’Brien et al. [101] strongly bonded copper and silica surfaces by the organic nanomolecular monolayer
(NML). The G was controllable by choosing different terminated-groups of NMLs, such as CH3–NML and SH–NML, with a
maximum G of 430 MW/m2 K. This novel idea inspired the interest of researchers. Majumdar et al. [102] carried out a
study on the phonon mismatch level between the bonded SAM and metal leads, and discovered the relation between
the mismatch level and the thermal transport. According to their results, the higher the phonon matching level, the
stronger the interfacial thermal transport capability. Zheng et al. [103] extended the samples to polymers. Different from
the previous work, the interfacial thermal transport was linearly dependent on the solubility between the polymer and
SAM.

The above work provided three general methods for heat transfer enhancement and modulation, i.e., the surface
functionalization, interface decoration and surface bonding strength. It was confirmed that k is significantly affected by the
surface functionalization. Research in this field so far has many benefits for the exploration of heat transfer mechanisms
and design of micro/nano-scale thermal management materials.

2.1.3.4. Effect of doping. Due to the limitations of CNT preparation techniques, short CNTs are easier to prepare. However,
studies have revealed that when short CNTs are assembled into CNT fibers, their thermophysical properties are much
lower than predicted theoretical values. Conversely, long CNTs have superior thermophysical properties compared to
short CNTs. Aiming at the contradiction between the length and performance of CNTs, Behabtu et al. [104] addressed this
problem very well. By using the high-throughput wet spinning method, ultra-long CNTs were obtained. Then, the CNTs
were assembled into CNT fibers with excellent thermophysical properties. In order to study the effect of doping on the
thermal transport mechanism, they studied the effects of acid doping, annealing and iodine doping on the k of CNT fibers.
The average k of the acid-doped fibers was measured to be 380 W/m K, while the k of the iodine doped CNT fibers was
doubled to 635 W/m K. This evident boost of k resulted from improved inter-tube contact and greatly reduced impurity
and defect scattering resulting from the annealing process of iodine doping.

Another representative example of defect influenced thermophysical properties comes from ideal 2-D structured
graphene. It is frequently reported that structurally defective graphene renders a remarkably reduced k, primarily due
evidently to increased phonon scattering [105]. Due to the fact that substitutional doping of atoms does not destroy
the hexagonal lattice structure of graphene, the thermophysical properties of graphene with doping atoms attract much
attention these days. Studies have shown that the k of doped graphene has a strong relation with the mass and
concentration of the dopants, specifically the difference in the mass between the dopant and the C atom (∆M). Hu
et al. [106] studied the effect of isotope doping (13C, ∆M = 1) on the k of graphene. The results revealed that the
isotope doping leads to a behavior of decreased phonon relaxation times and weakens the k dependence of isotope-doped
graphene on temperature. It is to be noted that the normalized accumulative k of doped graphene is not much different
from that of pristine graphene, owing to the fact that the relaxation time of high-frequency phonons is slightly reduced
and that of the low-frequency phonons remains basically the same.

Mortazavi et al. [107] studied the effect on k of replacing the carbon atoms in single-layer graphene with boron atoms
(B, ∆M = 1.2). The results indicate that when the concentration of doped boron atoms in single layer graphene is
0.75%, the k of graphene along both chiral directions is reduced by more than 60%. In addition, when the concentration
of boron atoms doped in graphene reached 1%, the chirality no longer affected the k of graphene. Phonon scattering
was regarded as the most likely key factor for the decrease of the k for graphene and the disappearance of chirality
in the structure. Similar results were reported by Goharshadi et al. [108] and Zhang et al. [109], who concluded that a
very low nitrogen-doped concentration (0.5%–1%) is powerful enough to induce a sharp decrease in the k of graphene.
Furthermore, Zhang et al. [109] believed that some studies only considered the effect of nitrogen configurations (graphite-
N) on k of graphene, while most nitrogen atoms are pyridinic-like structures (pyridinic-N) in reality. They compared
the thermophysical properties between graphite-N and pyridinic-N-doped graphene. The results have implied that in
addition to the influence of nitrogen concentration on the k of graphene, the type of nitrogen atoms doped should also be
highlighted. The inhibition of the k by pyridinic-N-doping is more significant than the graphite-N doping for graphene.

The above studies were all theoretical work typically around substitutional dopants with a small ∆M. To study the
effect of heavy dopants (high ∆M) on the k of graphene, Lee et al. [110] used the same group of silicon dopant (Si,
∆M = 16) as the substitutional dopants for C. High quality Si-doped graphene was synthesized by a low pressure chemical
vapor deposition (CVD) method. The results emphasized that the inhibitory effect of heavy dopants on the k of graphene
is more significant, typically by 1–2 orders of magnitude. The main reasons for this phenomenon were due to the large
mass difference between the C atoms and the Si atoms and the presence of Si atoms reduces the phonon MFP.
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2.1.3.5. Effect of defects. It is inevitable that nanomaterials have defects, which could be vacancies, impurity atoms, or
rough edges. Low-dimensional nanomaterials such as graphene and nanowires provide an ideal platform for exploring
the effect of defects on k [106,111–118]. For vacancy defects, Li et al. [111] constructed a perfect crystal β-SiC with single
point defect structure in the earlier study. The local density of states (LDOS) calculation results described that the presence
of the point defect caused a change in the thermal transport mechanism from one dictated by phonon–phonon collisions to
one dictated by phonon-defect scattering. Malekpour et al. [112] verified this conclusion experimentally by electron beam
irradiation to generate defects. Furthermore, Haskins [113] pointed out that a single point vacancy is a high-energy defect,
which would result in the formation of a double-coordination of three carbon atoms, thereby destroying the sp2 bond of
the surrounding crystal lattice. Quantitative analysis using the Green–Kubo method has shown that the introduction of a
0.42% vacancy defect in graphene results in a significant decrease in k from 2903 W/m K to 118.1 W/m K [114]. Since low
frequency phonons with a long MFP contribute to heat conduction and are strongly inhibited by defect scattering [106],
the increase in the defect concentration weakens the k dependence on temperature, besides the suppression of the k
itself. The most common vacancies are Stone-Thrower-Wales vacancy, double vacancy and monovacancy. Feng et al. [115]
observed that graphene with monovacancy and long MFP renders the lowest k, which can be explained by the presence of
vacancies enhancing the effect of long-wavelength phonon scattering on k. At the same concentration, the monovacancy
has larger total cross-sectional area than the other two defects, which induces scattering of long-wavelength phonons,
leading to the strongest reduction in k.

Impurity atom is another structural defect. Hu et al. [116] studied the mixture of graphene nanoribbons (GNR) and
isotopes, which demonstrated that the presence of impurity atoms caused the inter-atomic bond length and bond energy
to be distorted, destroying the lattice symmetry and causing phonon scattering. Later, Chien et al. [117] applied 1.25%
functional coverage to GNRs, which reduced the k by 50%. This is since functionalized sp3 bonds are not bound and
only supported by the surface of the GNR. In addition, the surface supported rotating functional group interacts with
the surrounding low-energy phonons, which causes phonon scattering.

Moreover, Chen et al. [118] studied the effect of defects on nanowire materials. At low temperatures, the phonon zero
acoustic mode plays a leading role in thermal transport. The calculation results of the scattering matrix method indicate
that the larger the vacancy defect, the stronger the zero acoustic mode scattering and the smaller the effect of defects
on the k. This is caused by additional phonon scattering due to the localization of phonons near the defect. Therefore,
controlling defects in materials are extremely important for the regulation of k.

2.1.3.6. Effect of temperature. It is well known that the temperature effect on the k is critical for the study of the
thermophysical properties of nanoscale materials, especially at high temperatures. The temperature effect of nanoscale
materials has been studied widely, such as that in carbon nanomaterials, aerogels and composite phase change materials
(PCM). Results have exhibited remarkably different temperature dependences and their potential for thermal management
applications.

Graphene is a hot nanomaterial due to its unique thermal transport properties in multiple aspects. Scientists have found
the temperature dependence of k is representative to illustrate some new microscopic thermal transport mechanisms.
Fang et al. [119] studied the temperature dependence of k of armchair and zigzag nano-porous graphene, and found that
the k decreased with increasing temperature ranging from 300 K to 1000 K. The underlying mechanism was explained
by the fact that the higher temperatures result in a decrease in the phonon MFP. Pop et al. [120] obtained the trend of
k in graphene at low temperatures, indicating that low frequency phonons dominate heat transfer at low temperatures.
Moreover, the low-frequency phonons of zigzag graphene are more dispersive than that of armchair graphene [121],
which results in the k of armchair graphene being higher than that of zigzag graphene at 100 K. Renteria et al. [122]
found that the in-plane k of freestanding reduced graphene oxide (rGO) films increased from 3 W/m K at RT to 61 W/m
K at 1000 K, while the out-of-plane k was only 0.09 W/m K at 1000 K. This strong anisotropy of k provided a new idea
for use of graphene as a thermal management material for electronic devices.

Silica aerogel is a promising excellent thermal insulation material, which is almost transparent to 3–8 µm near-infrared
radiation. Thus, thermal radiation seriously affects the thermal insulation properties of silica aerogel at high temperatures.
Xie et al. [123] studied the relationship between k and temperature of silica aerogel. The results emphasized that the k
rose slowly with temperature at low temperatures, while it increased rapidly with the increase of temperature at high
temperatures. This is due to contributions of radiation heat transfer at high temperatures.

Carbon nanomaterials are commonly used as core materials for composite phase change materials (PCMs) to enhance
thermal transport due to their high k and low ρ [124,125]. Fan et al. [126] studied the temperature dependence of k
for paraffin-based composite PCMs filled with various carbon nanomaterials (CNTs, carbon nanofibers, and graphene).
The results suggested that k is almost constant when the temperature was lower than the solid phase transition point,
while the k increased significantly with increasing temperature when the temperature was close to the solid–liquid phase
change point (melting point). Notice that the k of the composite PCMs filled with graphene is the weakest in temperature
dependence according to these reports.

Based on the above discussion, we have obtained some meaningful conclusions. For NC materials, the grain size effect is
greater than the grain boundary effect on the k. NC boundaries can scatter short-wave phonons, which reduces the lattice
k of the material in the low temperature region. By decorating a noble metal (Au, Pd and Pt) between the interfaces,
we can cause low-frequency vibration of the C atoms, and the addition of small molecules of halogen between the
interfaces creates an additional hot channel that facilitates heat transfer. Different doping and defect concentrations have
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Fig. 8. Schematic diagram of the effect of different factors on the thermal conductivity of nanomaterials. The effect of: (a) grain size [127], (b) grain
boundary [92], (c) surface interactions [61] (Reprinted with permission from Elsevier), (d) doping, (e) defects and (f) temperature.

certain effects on the k of nanomaterials, owing to increases in the phonon scattering. The difference in the mass of the
doping atoms is also one of the key factors for the sharp decline in k. The k of different nanomaterials has different
degrees of dependence on temperature. Fig. 8 illustrates a schematic diagram of the effect of different factors on the k of
nanomaterials. It is clearly seen from the graph that different factors exhibit different influences on the crystal structure,
either causing k to increase or decrease.

2.1.4. Molecular dynamics (MD) simulations
Although state-of-the-art thermophysical measurement techniques have achieved k characterization on the micro-

scale of even nanoscale materials, such as porous polyimide fiber [63] and an individual CNT [128], the thermal transport
mechanisms of the heat carriers cannot be well explained by existing experimental observations. Hence, molecular-level
simulation has become an important tool for exploring the thermal transport mechanism in simple materials [129]. The
representative simulation methods include MD, BTE, thermal diffusion equation and non-equilibrium Green’s function. The
MD method is based on Newton’s law which describes the position and momentum space trajectories of particles in the
system. It obeys the ergodic hypothesis and implements the calculation of a vast number of particles. In consideration of
the computational domain, MD is the most commonly used method as an atomic-level simulation, which can fully reflect
the thermal behavior of materials.

Owing to the nanoscale nature and the outstanding thermal transport properties, carbon nanomaterials have attracted
researchers’ attention recently. Various simulation methods are being used to reveal the novel mechanisms behind
the exceptional thermal transport phenomena. Xu et al. [130] found the remarkably boosted G between individual
CNTs by modifying the molecular structure with higher phonon mode coupling. This study described that the electron–
phonon coupling effect at heterogeneous carbon–metal interfaces yields extremely high G compared with other nanoscale
interfaces. Varshney et al. [131] proposed a new 3-D carbon network which was the combination of graphene sheets
and CNTs, and the CNTs were situated between layers of graphene as the pillars. Due to phonon scattering at the
carbon–graphene junctions, the heat transfer was dominated by the length of the CNT pillars.

In addition, the thermal transport properties of silicon nanowires (SiNW) have been studied by Yang et al. [132] to
verify the low-dimensional phonon transport mechanisms. The results implied that the phonon–phonon interaction can
be neglected when the SiNW length is less than its MFP, while the phonon–phonon interaction dominates the thermal
transport when the SiNW length is much longer than the MFP. They also verified that Fourier’s law is invalid for low-
dimensional thermal transport. The relationship between the diameter and k has been studied by Zhou et al. [133]. Based
on a combination of Normal scattering process and Umklapp scattering processes of acoustic phonons, they verified the
nonmonotonic diameter dependence of k for thin SiNW and the critical diameter was 2–3 nm. Soleimani et al. [134]
studied the thermal transport of SiNW and evaluated phonon transport by comparing Equilibrium Molecular Dynamics
(EMD) and Non-Equilibrium Molecular Dynamics (NEMD) methods. The results propose that the k is a function of length,
cross section width and temperature. The enhancement of k can be achieved by increasing the length, increasing the cross
section and decreasing the temperature.

With the rapid development of nanoscale devices and nanocomposite materials, there has been an increasing interest
in interfacial thermal transport. The thermal transport mechanisms at the materials’ interface have been studied for
the purpose of producing suitable micro/nanoscale structures for heat transfer for various situations. The effects of
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Fig. 9. Schematic diagram of the reported thermal conductivity values of some representative nanomaterials versus traditional materials.

temperature and disorder of solid interfaces have been studied by Stevens et al. [135]. Their NEMD results indicate good
agreement with the diffuse mismatch model (DMM) for high mismatch interfaces at a temperature approximately half
of the melting temperature. However, the obvious disagreement happened at highly matched interfaces, since significant
temperature dependence is included in the MD calculations by Stevens et al. while not in the DMM, which only considers
elastic scattering. Moreover, defects exert a great effect on highly matched interfaces but a negligible effect on highly
mismatched interfaces. Hence, interface mixing was proposed to be an effective approach to boost the interfacial heat
transfer, which was confirmed to result in a doubling of G.

Similarly, Liang and Tsai [136] studied thermal transport between two phonon mismatch solids and reported a novel
finding that the introduction of intercalation within a highly mismatched solid–solid interfaces can increase G by 60% at a
specific Debye temperature. Comparison between the simulation results and the classical model has been carried out by
Merabia and Termentzidis [137]. It was found that the EMD results are consistent with DMM, while NEMD results agree
well with results of AMM. This work is very useful for researchers seeking to choose a simulation method. In addition,
the k of superlattices is another hotspot in the field of nanomaterial thermophysical properties. Termentzidis et al. [138]
reported the interfacial geometry dependence of k for superlattices determined by both EMD and NEMD simulations. If
the MFP and superlattice period are on the same order of magnitude, the height and roughness govern thermal transport
of superlattices. Specifically, the in-plane k is dominated by the ratio of height to roughness and superlattice period, while
the out-of-plane k monotonically increases due to interfacial phonon scattering.

In addition to the effects of phonon transport, in some metal-containing structures, the contribution of electrons to
the thermal transport cannot be ignored, since the effect of electron–phonon (e–p) coupling has been confirmed in the
previous work [61]. The first detailed study of e–p coupling for thermal transport at metal–nonmetal interfaces was
reported by Majumdar and Reddy [139] based on the DMM named Two-Temperature Model (TTM). The results indicate
that G strongly depends on the e–p coupling factor and the lattice k of the metal. Since this report, it has been accepted that
in the study of nanoscale heat transfer MD results need to be combined with the TTM for calculation of G [140]. The e–p
coupling also has been considered for metal–dielectric interfaces [141], which is different from ordinary metal–nonmetal
interfaces. It is generally believed that the contribution of e–p coupling to interfacial thermal transport is quite limited
for metal–dielectric interfaces. Results from current simulation of thermal transport mechanisms at the micro/nanoscale
still fail to agree perfectly with experimental results. With continual improvements in computing capabilities, simulation
results are getting closer and closer to reality and MD simulation of micro/nano thermal transport will be more widely
adopted in future research.

In the end, we summarize the k of some representative nanomaterials, such as individual CNTs [71,142–146],
CNT fibers [60–62], CNT arrays [57,65,147], CNT bundles [148–151], CNT films [152–154], graphene [46,69,75,155],
CFs [50,51,94,156], BN [156–158], silicon nanomaterials [159–162], and polymers [5,64,156,163–166], and we compare
with k of traditional materials (metal, glass and water, etc.) [156,167–169], with the purpose of emphasizing the superior
performance of nanomaterials in heat dissipation or thermal insulation. It is clearly that nanomaterials exhibit excellent
thermophysical properties compared with traditional materials, not only for high k, but also for thermal insulation, as
shown in Fig. 9.

2.2. Thermal diffusivity

It is well known that k represents the ability of a material to transfer heat, while α corresponds to the rate of heat
transfer in a material. In other words, α is considered as the rate of diffusion from the hot end to the cold end in the
material, which is independent of the amount of energy during heat conduction, and it is a transient value. Since k
and α have a certain relation, in some cases, we will further determine the k of the material by measuring the α, and
thus theoretical and experimental research on α of solid nanostructured materials is essential. Here below we will focus
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Fig. 10. Schematic diagram of research on thermal diffusivity of solid nanomaterials [170–173].
Source: Reprinted with permission from Elsevier and AIP Publishing.

on theoretical and experimental measurement methods of α for solid nanostructured materials. The laser flash Raman
spectroscopy method and transient electro-thermal (TET) technique are widely used for measurement of α. The factors
affecting α will also be discussed and summarized in detail. Fig. 10 displays a high-level overview of the study of α of
solid nanomaterials.

2.2.1. Theory
The relation between k, ρ and cp is defined as:

α = k/ρ · cp (23)

The higher the α, the stronger the ability of the medium to balance its internal temperature o, so α is an indicator of the
ability of the medium to propagate energy. Direct theoretical calculation of α is relatively rare and difficult. In theory, we
usually calculate k and cp to obtain α using Eq. (23). We have already discussed the use of BTE for theoretical calculation
of k. The specific heat capacity includes mainly phonon specific heat capacity and electron specific heat capacity. However,
for some nanomaterials, cp is primarily dominated by phonons, as will be described in detail in Section 2.3.

Purely theoretical studies of thermal diffusivity are limited, hence α and the involved transport mechanisms are
generally studied using experimental techniques. Direct measurements of α based on another form of α, which describes
the simple relationship between time and temperature, are defined as follows:

∂T
∂t

= α∆2T (24)

Since α describes the rate of heat transfer from heat source to heat sink, a rapid heating technique should be utilized in the
measurement. The first characterization of α was done using laser flash technology to heat the sample with a laser pulse
and the temperature change in a short distance from the heating location was analyzed [174]. Under one-dimensional
adiabatic conditions, α is generally defined as follows:

α = 0.1388 × d2/t0.5 (25)

where d is the thickness and t0.5 is the half maximum of time. Since the measurement of α requires rapid heating,
measurement techniques are mostly based on laser heating, like the laser flash Raman spectroscopy method. Here we
introduce some typical measurement methods.

2.2.2. Experimental measurement techniques
2.2.2.1. Laser flash technique. The laser flash technique as a classical thermophysical property measurement technique
was first proposed by Parker et al. in 1961 [174]. It is a high sensitivity, transient, non-contact measurement technique
and is widely applied in the measurement of the α for homogeneous materials [175]. During testing, a short laser pulsed
is irradiated onto the front side of the sample, and then the temperature rise of the sample at the back surface is recorded
in real time. The α is obtained by fitting the temporal temperature profile. An important feature of this technique is the
energy and the width of the pulse laser can be easily adjusted. Based on this measurement principle, Lin et al. [176]
characterized the thermophysical properties of vertically aligned MWCNTs. For their measurement analysis, they made
some assumptions. First, when the laser was irradiated onto the surface of the sample, the thin gold coating which
facilitated the rapid planar distribution of heat was considered to undergo ideal 1-D heat transfer. Second, the surface of
the sample was opaque due to the gold coating, and thus the penetration depth of the incident laser was regarded to be
negligible. Therefore, a very small change in temperature was required during each measurement. It was confirmed that
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α is independent of the thickness of the sample and the metal coating on the bottom of the MWCNT film improved the
measurement accuracy. Xie et al. [170] used nanosecond pulsed lasers to achieve non-contact heating of MWCNT arrays,
and the α was obtained by fitting for temperature versus time. Measured α value for the MWCNT arrays were as high as
4.6×10−4 m2/s at RT, which is much larger than that of some known excellent thermal conductors, such as copper and
silver. Furthermore, Akoshima et al. [177] synthesized a high-purity super growth SWNT forest with a length of 1 mm.
It was found that the α of SWCNT forests is not much different from isotropic graphite and has a strong dependence on
temperature. Specifically, the α was within the range of 0.47–0.77 ×10−4 m2/s at RT, which was higher than 0.2–0.6×10−4

m2/s at 1000 K.

2.2.2.2. Laser flash Raman spectroscopy method. As a non-contact, non-destructive and fast thermal property measure-
ment method, the Raman spectroscopy method is ideal for measuring microscale materials and has been applied for
graphene [72], bilayer MoS2 [178] and 3-D nanofoams [179]. This method is based on the temperature dependent Raman
band shift and generally defines the thermal properties by the combination of absorbed laser power and the steady-state
heat conduction model. However, it is difficult to accurately determine the absorbed laser power of materials, which limits
the application on micro/nano-scale materials measurement. To solve this problem, Li et al. [180] have reported a new
method, referred to as the Laser flash-Raman spectroscopy method. By using a pulsed laser with two independent steady-
state and unsteady-state heat conduction models, they eliminated the influence of the absorbed laser power parameter
in the analysis of thermal properties. After verifying the accuracy of the technique by comparing with α results from
measurements made using the 3ω method, they completed α measurements of CFs and CNTs. An additional advantage of
this technique is the sample can be non-electrical, which is suitable for the thermophysical property characterization of
insulating materials. Later, Li et al. [180] extended the materials to 2-D nanomaterials and further explored the difference
between the 2D nanomaterial measurements with and without a supporting substrate. They reported the measurement
of thermal properties of 2-D van der Waals heterostructures by using variable spot sizes, which ensured the simultaneous
measurement of k, α and interfacial resistance [171].

2.2.2.3. Transient electro-thermal (TET) technique. The transient electro-thermal technique (TET) is an effective method for
measuring the α of fibers or narrow strips, which overcomes the shortcomings of other methods such as long test time
and weak signals [181]. Briefly, a direct current is applied to a suspended fiber which sets on the heat sinks. The generated
Joule heat will increase the temperature of the fiber, and the transient temperature response at each moment is used to
determine the α of the material.

During derivation of the thermal conduction model for the TET method, Guo et al. [168] ignored the heat loss on the
sample surface and assumed that the sample was heated constantly. The stability of sample heating power was maintained
by increasing the impedance of the circuit in the experimental setup. The average α of the SWCNT bundle in this work
was measured to be 2.73×10−5 m2/s. At the same time, the α of the non-conductive material was measured using a
polyester fiber coated with a gold layer, which was 5.26×10−7 m2/s. Given the effect of convection and radiation and
non-constant power heating under low vacuum, Xing et al. [182] established a dimensionless model under surface heat
transfer and non-constant heating conditions. The α was obtained using the Levenberg–Marquardt algorithm by analyzing
the temperature response in the full model. It was found that a linear relation exists between the dimensionless parameter
model and the measurement error, which provides an evaluation method for the impact of different conditions on the
measurement error. Besides the fibrous material, Feng et al. [183] studied the α of poly(3-hexylthiophene) narrow strips
by the TET method to complete the calibration of the temperature and resistance relationship. This study provided a
technical reference for the measurement of α of film materials.

It is also intriguing to note that the α in the TET method is extracted from the transition state before the temperature
reaches the steady state. Huang et al. [184] extended the electrothermal method to obtain α from the initial transient
change to the final steady state. The advantage of this approach is there is no need to know the cp and ρ of the material
itself. A more accurate α can be obtained by global fitting of the normalized temperature curve over time. In a follow-up
study, Huang et al. [185] used the TET method to study the thermophysical properties of a natural fiber, i.e., spider silk.
The results exhibited that both α and k increased under stretching. Specifically, α was increased by 50% with a 20% strain.
Xing et al. [181] measured α of spider silk by both the TET method and the 3ω method to compare the advantages and
disadvantages between these two techniques. It was demonstrated that the TET method had a significant time advantage
when measuring the α of large diameter long fibers. However, in other cases, the TET method is inferior to the 3ω method
in measurement accuracy.

2.2.2.4. Photothermal resistance technique. The photothermal resistance technique, also known as the optical heating and
electrical thermal sensing (OHETS) technique was first proposed by Hou et al. [172] in 2006. It can be used to characterize
the thermophysical properties of 1-D micro/nanoscale conductive and non-conductive materials. In brief, the sample to
be tested is suspended on two electrodes and irradiated with a periodic laser beam. Due to the heating of the laser beam,
the temperature of the sample changes periodically, so that the electrical resistance of the sample also produces periodic
variation. Then the variation in electrical resistance is reflected by the change of voltage via applying a direct current to
the sample, which is used to derive the thermophysical property parameters of the sample. Based on the above-mentioned
measurement principle, Hou et al. [186] verified the reliability of this technique by measuring a platinum wire of 25.4 µm
diameter as the reference sample, and pointed out that the measured k of the platinum wire was consistent with the
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reference value. Subsequently, they measured the α of three different SWNT bundles, human hair and clothing fibers. Since
SWNT bundles are conductors, while human hair and clothing fibers are non-conductors, a metal film was deposited onto
the non-conductive sample surface to ensure that the temperature can be accurately extracted after applying an electrical
voltage signal. The results found that the α of three different SWNT bundles was 2.98×10−5 m2/s, 4.41×10−5 m2/s and
6.64×10−5 m2/s. For non-conductive human hair and clothing fibers, the α was on the order of 10−6 m2/s, which further
demonstrated the excellent thermophysical properties of CNTs compared to traditional materials.

Moreover, Hou et al. [187] measured the α of single submicron (∼800 nm) polyacrylonitrile (PAN) fibers. During
the measurement, since PAN fibers are non-conductive, an Au film with a thickness of nanometers was coated on the
surface of the PAN fibers and a periodic laser beam pulse was irradiated on the suspended individual fibers. The periodic
variation of the sample temperature was derived by the change of the electrical resistance of the nanoscale Au film. By
measuring the α of three samples coated Au films with different thicknesses, it was concluded that if the thickness of the
Au film is reasonable (approximately nanometer level), this technique can be used to successfully measure the α of low
k, non-conductive 1-D micro/nanoscale materials.

2.2.2.5. Infrared thermography. Another effective method for measuring α is infrared thermography, which was first
proposed by Welch et al. [188] to measure the α of metal and graphite-epoxy plates. The measurement principle is
also based on the variation of temperature caused by photothermal excitation, and the distribution of temperature is
recorded by an infrared camera. During the measurement process, the sinusoidal laser beam is irradiated on the surface
of the sample, when the heat propagates along the radial direction, the amplitude and the phase of the thermal wave are
modulated by adjusting the frequency of the laser to ensure that the sample remains thermally thin. At that time, the
thermal response can be represented by the 1-D heat conduction equation. Although the α is related to both the amplitude
and the phase change of the heat wave, the phase signal is more suitable for the local variation of the surface temperature
and the emissivity of the sample to be tested. Therefore, Giri et al. [173] proposed a new method to estimate α by only
using the phase information. They reported that active infrared thermography techniques can be used to characterize α
in the direction perpendicular to the axial direction of the templated Bi2Te3 nanowires obtained by electrodeposition on
anodized aluminum (AAO) templates. The results showed that the α perpendicular to the axial direction of the nanowire
of AAO templates with different pore sizes is within the range of 8.8–9.2×10−7 m2/s, while the α of the AAO/Bi2Te3
nanocomposite was slightly lower, 6.7×10−7 m2/s.

Moreover, Mendioroz et al. [189] measured the α of thin plates and filaments by means of a lock-in thermography
technique. The experimental factors affecting the α were analyzed and the experimental conditions for accurate mea-
surement were established. The results indicated that the infrared thermography technique could be used to effectively
measure α of various isotropic and anisotropic thin samples under a vacuum environment. Notice that the sample needs
to be large enough to eliminate the influence of boundary effects. It was further confirmed that the 1-D heat flux loss
model overestimates the α of the sample, which proves that some α values reported in the literature were higher than
the true value. The α of polyether-ether-ketone (PEEK) films with thicknesses of 25, 75, 125, and 250 µm was measured
in the air and vacuum, respectively. The results argued that the α in a vacuum was lower than the α in the air, owing to
the elimination of heat flow loss in the vacuum.

2.2.3. Experimental studies
2.2.3.1. Effect of porosity. To study the effect of porosity (ζ ) on α, we need to pay attention to highly porous solids
which render excellent thermal insulation properties. It is generally believed that the thermal insulation performance is
largely determined by the pore structure [190]. Wahsh et al. [191] studied the α of nanoporous spinel/forsterite/zirconia
composite ceramics, which revealed that the ζ increases with increasing zirconia content, resulting in the decrease of α.
This can be attributed to the tetragonal to monoclinic phase transition of zirconia and the thermal expansion mismatch
between the different phases in different ceramic composites. Some studies suggest the use of density ρ instead of ζ to
construct the relation with α. This is reasonable as ρ is inversely correlated with ζ in the form of ζ = 1−ρ/ρs. Here
ρs denotes the density of dense materials without ζ . Venkataraman et al. [192] studied the relationship between ρ and
α of aerogel-based nano-porous fibrous materials. The results indicate that the higher the ρ, the greater the k. Hirata
et al. [193] studied the α and k of porous mullite ceramics from both theoretical and experimental aspects. The results
claim that α and k have similar dependence on ζ . These conclusions are intuitive because higher ρ or lower ζ suggest
high mass fraction of solid components, which construct the heat conduction network of the porous material.

Similarly, Mayr et al. [194] measured the α of CF reinforced polymers (CFRP) using active infrared technology and
discussed the effects of pore shape and ζ on α. Interestingly, it was found that the α of CF decreases linearly with an
increase of ζ , and is lower than that of spherical pores under the same ζ . Wu et al. [195] also confirmed that the α of
CFRP is closely related to the pore shape and ζ . As ζ increases, the α of CFs decreases correspondingly. In addition, the α
of CFRP in three directions was studied, and was the largest along the direction of the fiber bundle, which demonstrated
the remarkably anisotropy in thermophysical properties.

2.2.3.2. Effect of temperature. In general, the temperature-dependent α relies on two factors, one is the lattice wave and
the phonon transfer energy, the other is the free electron transfer energy. When the temperature rises, the collision
probability between phonons is larger, resulting in stronger lattice scattering and reduced phonon MFP, and thus the
effect of phonons on the α is reduced.
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Graphene is a typical anisotropic thermally conductive material which is widely used for heat dissipation in electronic
devices. Many scientists have studied the influence of temperature on graphene thermophysical properties [196]. Pan
et al. [197] prepared reduced graphene oxide/multiwalled carbon nanotubes (rGO/CNT) films and studied the effect of
temperature on their α. The results emphasized that both in-plane and cross-plane α values of the rGO/CNT increase with
increasing temperature, because higher phonon vibration frequencies and larger amplitudes led to faster heat transfer at
higher temperatures [198]. However, others reported the opposite trend, which could be explained by Umklapp phonon
scattering [110]. Tuan et al. [199] bonded graphene to an alumina substrate and measured its α. It was found that the α

of graphene decreased with the increasing temperature and the in-plane α of graphene was as high as 7.5×10−6 m2/s
at RT. This is 400 times that of the cross-plane α of graphene. From the above studies, we can see that graphene and its
composite films demonstrate a great potential in thermal management applications.

CNT-based composites are also nanocomposites with excellent thermal transport properties. Jackson et al. [200] studied
the α of CF/CNT composites. The α of the composites tends to decrease with increasing temperature. The higher the
CNT volume fraction, the higher the α of the composites, at constant temperature. Xie et al. [170] measured the α of
MWCNT in the temperature range of −55 to 200 ◦C. The results supported the finding that the α increases with increasing
temperature in the range of −55 to 70 ◦C. This trend is consistent with that previously obtained via the 3ω method [150],
but the results were an order of magnitude higher than the α value measured with 3ω. The reason for this disparity is that
longer CNTs were used in Ref. [150], which typically have more defects that leads to an increase in the phonon scattering
probability and thus result in reduced heat transfer capability. In the temperature range of 70–200 ◦C, the α does not
change much, which was said to be due to the fact that the phonon scattering mechanisms were unclear and need to be
further clarified [150].

The temperature effect on thermophysical properties has also been widely studied, in nanopowders, which are common
matrix materials for nanocomposites due to their scale effect. Similarly, Voges et al. [201] studied the thermophysical
properties of SiO2/Al2O3/carbon black composite powder tablets. Their results suggest that the thermophysical properties
of powder tablets are comparable to those of aerogels, and their α values decrease with increasing temperature. This
is due to enhanced Umklapp scattering of phonons with increased temperature resulting in decreased α. Zhan and
Mukherjee [202] found that the α of CNT-reinforced Al2O3-based ceramics decrease with increasing temperature, which
is also due to the effect of Umklapp scattering and thus reduced phonon MFPs.

Thus far, we have summarized and discussed research on α of solid nanomaterials. Since there are great difficulties
in the theoretical calculation of α, the more common practices are calculated indirectly by using k, cp and ρ, which are
obtained by experimental measurement techniques at this stage.

Most measurement techniques are transient, and can be categorized into photothermal techniques and electrothermal
techniques. The most classic photothermal technology is the traditional laser flash method. With the development of
technology, more advanced measurement techniques have emerged, including the current laser flash method (the main
difference is temperature measurement technique compared with the traditional laser flash method), laser Raman flash
method, photothermal resistance method and infrared thermography. For electrothermal techniques, we focus on the
transient electrothermal technique. In addition, the factors affecting the α of solid nanomaterials mainly involve in ζ

and temperature. The results have demonstrated that α and k have similar dependence on ζ , while the temperature-
dependent α relies on two factors: one is the lattice wave and the phonon transfer energy, the other is the free electron
transfer energy. Fig. 11 summarizes the α values of some representative nanomaterials (individual CNTs [168,170,177],
CNT fibers [60–62], CNT array [57,172,203,204], CNT films [148,205], CNT bundles [206,207], CNT composites [202,208],
silicon nanomaterials [159], graphene [209–211], polymer [181,212–214] and aerogel [215–217]) and traditional materials
(metal, air, foam, etc. [218]) from the literature, which is convenient to intuitively understand the superior thermophysical
properties of nanomaterials compared with traditional materials.

2.3. Isobaric specific heat capacity

2.3.1. Theory
Assuming that the atoms in the solid are simple harmonic oscillators and the vibrational degrees of freedom are fully

excited, the high temperature limit of cp of a monoatomic solid is defined as [219]:

cp = 3R = 3NAkB (26)

This is the Dulong–Petit law, which can be explained by the energy equipartition theorem in classical statistical mechanics.
This law cannot predict the materials’ behavior at low temperatures but overestimate the cp of many materials such as
graphite and diamond. It has been observed that the cp of some solids decreases with decreasing temperature, which does
not agree with the Dulong–Petit law. Einstein explained this trend based on quantum theory. And he also used harmonic
oscillators to describe atomic vibrations and some new assumptions: energy quantization and atomic vibration at the
same frequency [220]. The cp in the Einstein model is defined by:

cp = 3NAkBfE

(
TE
T

)
(27)
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Fig. 11. Schematic diagram of the reported thermal diffusivity values with some reported representative nanomaterials versus traditional materials
from the literature.

where TE =
h̄ωE
kB

is the Einstein temperature and fE
(

TE
T

)
is the Einstein heat capacity function. When T ≫ TE, the Einstein

cp can be expressed as cp,E = 3NAkB, which agrees well with the results of the Dulong–Petit law.
Later, Debye [221] introduced the concept of collective vibrations of the lattice. It is assumed that the crystal is an

isotropic continuum and the thermal motion of the atom occurs in the form of elastic waves. Each elastic wave vibration
mode is equivalent to a harmonic oscillator. Debye adopted the concept of Einstein’s energy quantization and corrected
the assumption of atomic single frequency vibration to consider all the vibrations below the Debye frequency. The Debye
frequency is the upper limit of the specified elastic wave frequency. The expression of the Debye model is:

cp = 9NAkB

(
T
TDe

)3 ∫ TD

0

x4ex

(ex − 1)2
dx (28)

where x =
h̄ωE
kBT

. At high temperature T ≫ TDe, which is in good agreement with the Einstein model and the Dulong–Petit

law. At low temperature T ≪ TDe, the cp of the Debye model is cp =
12
5 NAkB

(
T

TDe

)3
, which is referred to as the Debye-T 3

law. This is a good fit to experimental curves since only the low frequency modes are excited by thermal excitation. Fig. 12
provides a general idea of the theoretical study of cp of solid nanomaterials, which clearly reflects the connections and
differences between the above-mentioned three theoretical computational models.

2.3.2. Experimental measurement techniques
2.3.2.1. 3ω method. The 3ω method can be used to measure the cp for a wide variety of nanomaterials. In the limited
reports on the cp values of nanomaterials, the traditional 3ω method has been applied to the measurement of millimeter-
long aligned MWCNT arrays [150,222,223], CNT fibers [61,62], and nanofilms [224,225]. Notice, these nanomaterials
are generally in limited amounts, which makes conventional cp measurement techniques such as differential scanning
calorimetry (DSC) ineffective. Lu et al. [222] completed cp measurements of MWCNT arrays within the 10–300 K
temperature range under vacuum conditions. The results confirm that cp is linearly dependent on temperature and is
nearly 500 J/kg K at RT, which is mainly attributed to the behavior of phonons. According to the theoretical calculations,
cp is related to the integral of phonon spectrum and temperature. The phonon spectrum is constant over the experimental
temperature range (far lower than the Debye temperature), which results in the linear dependence of cp on temperature.
Hu et al. [223] reported the cp of 13 µm-thick vertically aligned CNT arrays is 312 J/kg K around RT, and climbs to 375 J/kg
K when the temperature increases to 325 K. These values are much lower than the previous reports [50,62,222], which
could be explained by the effect of the extremely low cp value of the trapped air in the CNT array.

Lu et al. also used the 3ω method to measure the cp of a typical filament sample, such as a high-purity platinum wire
with a diameter of 20 µm and a length of 8 mm as used in their study [223]. A significant contribution of their study
is the air convection-induced heat loss was quantitatively estimated for the first time, and the proper vacuum condition
was given to ensure the measurement uncertainty of cp was less than 4%. Furthermore, the sample quantity required for
the cp measurement can be much less than other techniques. Specifically, the filament sample can be as light as 0.00001
mg, such as a 1 mm long CNT bundle, which is 105 times lighter than that required for commercial DSC techniques which
basically require quantities in mg. Therefore, it is safe to say the 3ω method provides the possibility of cp measurement of
trace-level nanomaterials, which is of great significance since the quantity of novel nanomaterials is always limited. Qiu
et al. attained the cp of the functionalized and densified CNT fibers [60], Au nanoparticle-decorated CNT fibers [61], and
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Fig. 12. Schematic diagram of the theoretical study progress on specific heat capacity of solid nanomaterials.

iodine molecule-decorated CNT fibers [62] by directly measuring k and α using the 3ω method. All of the results suggest
that the cp values of the decorated fibers are around 685 J/kg K, which is close to that of the pristine fibers (780 J/kg K)
and reports from other researchers [50,222]. A big step for thermal characterization of the assembled fiber structure is
the latest work by Qiu et al. [224], which points out the real radiation is only correlated with the outmost few layers
of bundles on the CNT fiber surface. Based on the experimental observations, they developed a novel theoretical model
which used the true circumference of the fiber surface to replace the fiber diameter. This progress is significant for the
accurate evaluation of the thermophysical properties of assembled nanostructures.

Ftouni et al. [225] developed a 3ω-Völklein method for the cp measurement of SiN nanofilms. Völklein geometry [226]
refers to a structure that is elongated and suspended, which is used to design the sensors. They combined this geometry
with the 3ω method and achieved high sensitivity measurement of ultra-thin nanofilms. Before the measurement, the
researchers placed niobium nitride as a thermometer on SiN nanofilms with 50 nm and 100 nm thickness, respectively.
During this measurement, the cp did not show a significant difference for nanofilms with different thicknesses. The
experimental results are in good agreement with the Debye-like cp model above 100 K. The high sensitivity (4×10−6

J/kg K) of this method makes it valuable for the measurement of nanofilms.

2.3.2.2. AC-calorimetric technique. Notice that cp has important research value for understanding lattice vibration, su-
perconductivity and structural phase transition [227,228]. The AC-calorimetry technique was first developed in 1968 by
Sullivan and Seidel to measure the cp of samples with weight less than 200 mg [229]. In brief, the sample is heated by an
alternating current with an angular frequency of ω/2 passing through the heater, causing the temperature of the sample
to periodically change with time, and then the current is amplified by a lock-in amplifier. Finally, the cp of the sample
can be determined by measuring the temperature of the system as a function of the current frequency.

The AC calorimetry method is a dynamic measurement method. That is, the cp of the sample to be tested is measured
during the dynamic heating process. Since the thermal equilibrium is difficult to achieve in the dynamic process, the cp
measurement accuracy is lower than that of the adiabatic method [230]. However, AC calorimetry is very suitable for the
measurement of small samples, and the measurement sensitivity can reach 10−8–10−12 J/K.

Zhang et al. [231] measured the slightly abnormal cp of superconducting Sn nanowires at the superconducting
transition using the AC calorimetry method. The results claim that the cp of Sn nanowires are significantly different from
that of the bulk Sn, which had two peaks at temperatures of 3.7 K and 5.5 K ascribed to the inner bulk contribution and the
surface contribution, respectively [231]. Lee et al. [232] used this method to study the structural phase transition of Zr/B
multilayer nanofilms, which can achieve low scan rate of less than 4000 K/s and thus minimize the heat loss [233]. Two
exothermic peaks were found in the cp versus temperature rise curve. The first peak is due to the non-uniform diffusion
of Zr and B at low temperature to form amorphous Zr/B, and the second peak is due to crystallization at high temperature.
Pradhan et al. [234] measured the cp of randomly oriented SWCNT and MWCNT while using bulk graphite powder as a
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reference sample. The results illustrate that the cp values of the graphite powder and the MWCNT are the most consistent,
while the cp of MWCNT has the weakest temperature dependence, which is due to its macroscopic arrangement.

Since the AC calorimeter method is capable of measuring samples below 1 ng, Tress et al. [235] used this method to
measure the glass transition of polystyrene nanofilms. This method was compared with broadband dielectric spectroscopy
(BDS), spectroscopic vis-ellipsometry (SE), DSC and other methods. Studies pointed out that in multilayer molecular weight
polystyrene, the glass transition temperature does not change by more than ±3 K at a layer thickness of 5 nm. It was
found that the cp of nanomaterials obtained by the AC calorimetry method can explain the increase in the cp compared
to their bulk materials.

2.3.3. Experimental studies
2.3.3.1. Effect of size. Experimental reports studying the effect of solid size on the cp are relatively limited. A representative
example is a study by Novotny et al. [236], which reported that 27 Å and 37 Å lead particles (purity: 99.9999%) have higher
cp than bulk lead at ultra-low temperature (1.5–5 K). That phenomenon can be explained by the fact that small particles
have a large specific surface area, which facilitates surface phonon softening. Since softening implies the attenuation of
the vibration frequency, cp, which depends on the vibration of the lowest frequency of the lattice, is therefore enhanced.
Similarly, Rupp and Birringer [237] measured the cp values of NC–Cu and polycrystalline Cu. The size effect brought about
a 10% increase in cp. Strukov et al. [238] performed cp measurements of ultrathin ferroelectric BaTiO3 films with different
thicknesses using an ac-hot probe method. When the BaTiO3 film thickness is less than 100 nm, the cp does not increase
abruptly near the ferroelectric phase transition temperature as observed with other sizes, owing to the large diffusion of
the transition at the nanoscale. In marked contrast, in a study of a ternary nitrate eutectic [239], the effects of the addition
of SiO2 nanoparticles with different diameters (from 5 nm to 60 nm) on cp were all basically the same. The cp values were
all about 1800 J/kg K, which represents a 13% boost compared to the counterpart without the nanoparticle addition. This
indicates that the size of the nanoparticle additive has no effect on cp for the eutectic material.

In a theoretical investigation, Singh et al. [240] calculated cp values for metal nanowires and films. All the calculation
results corroborated that the atomic vibration amplitude of the nano-solid surface is higher than that of the bulk material.
As the size decreases, the atomic thermal vibration energy of the material surface increases, and the cp is impacted
accordingly. Wang et al. [241] studied the cp of CuO nanoparticles with different sizes. At 325 K, the cp increases from 0.49
kJ/kg K to 0.51 kJ/kg K as the particle size decreases from 12.5 nm to 3.4 nm. This observation was further corroborated
in an experimental study, which found the softening of surface atom vibrations due to size effects causes an increase in
cp [240]. This conclusion was also found to be valid for the semiconductor materials [242].

2.3.3.2. Effect of grain boundary. Prior to talking about the effect of grain boundaries, we need to review the definition of
NC materials because they are the main source of grain boundaries. Generally, NC materials are composed of nanometer-
sized (1–10 nm) grains. The grain boundary is the interface between the grains with the same structure and orientation,
which accounts for 50% or more in NC materials. The fractional and average grain size of grain boundaries in NC materials
are inversely proportional [243]. Due to their small grain size and large specific surface area, the thermophysical properties
of NC materials are significantly different from those of conventional crystals. For example, NC materials have a higher
cp. Therefore, nanopolycrystallization is an effective method for enhancing the thermal transport of solid nanomaterials.

Many scientists have studied the effect of grain boundaries on cp. As for nanopolycrystalline metals and alloys, Tang
et al. [244] studied the cp in NC–Ni. It was found that NC–Ni has a higher cp compared to conventional crystals due to
the existence of grain boundaries. The excess isobaric specific heat capacity (the isobaric specific heat capacity difference
between the NC materials and the bulk materials, ∆cp) is reduced at low temperature and high temperature, which is
consistent with the results of previous experimental and MD simulations results [245,246]. Rojas et al. [247] confirmed
by Raman spectroscopy that the cp values of NC–Fe, Cu, Ni and LaAl2 alloys are higher than those of the corresponding
bulk materials. Besides, ∆cp at low temperatures had also been studied. The results found that the peak of ∆cp occurs at a
low temperature range of 20–65 K. The reason is the softening of the phonons at the grain boundaries, that is, the atomic
fraction increases significantly at the surface and the interface, and the decrease of the neighboring coordination number of
the surface and interface atoms reduces the phonon frequency, which affects the phonon spectrum and Debye temperature
of the NC materials, resulting in a decrease in cp. Moreover, Li et al. [248] studied the effect of grain boundaries on the
cp of NC–Al at low temperatures, and the conclusion is in accordance with the above-mentioned results.

In addition, Adiga et al. [249] studied the effect of grain boundaries on the cp of ultrananocrystalline diamond (UNCD).
The results implied that the cp of UNCD at RT is approximately 20% higher than that of single crystal diamond, and the
∆cp reaches a maximum in UNCD at about 350 K. The reason is that the vibrational density of the atoms increases at or
around the grain boundary. These enhancements occur in the low frequency region of 5–20 Hz, and the contributions of
the low and intermediate frequency phonons to the cp become smaller at 350 K.

2.3.3.3. Effect of interfacial component. For the study of the cp of nanoscale solid materials, we are more concerned with
nanometer-sized crystalline materials, which are typically polycrystals with a crystal size of several nanometers. The
polycrystals are usually composed of interfacial components formed by all atoms in the crystal lattice and all atoms
located in the interface (grain boundary) between the crystallites. Therefore, in order to explore the effect of the interfacial
components on cp in crystalline materials, Rupp and Birringer [237] explored the cp of nanometer-sized crystalline and
polycrystalline Pb (crystal size is 6 nm) and Cu (crystal size is 8 nm) in 1987. The results revealed that the cp value of both
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Cu and Pb nanocrystals is slightly higher (10% and 40%) than that of the polycrystalline state in the temperature range of
150–300 K. This is mainly due to the relatively low density of Pb and the weak mutual coupling of atoms between the
interfaces, which demonstrates that the interface interaction is also one of the factors that should be considered when
determining cp values. Bai et al. [250] studied the effect of the interfacial component on the cp of NC–Fe with a grain size
of 40 nm in an ultra-low temperature range of 1.8–26 K, and found that the increase in cp at a relative high temperature
(∼26 K) is mainly caused by the Einstein oscillators due to the weak mutual coupling of atoms at the interface.

Lei et al. [251] also studied the effect of surface components on the cp of metal NC materials. It is well known that
the surface phonon softening causes the cp of the metal nanocrystal material to be enhanced at low temperature, but the
effect of the surface oxidation causes an unusual decrease in cp. They used face centered cubic Al (fcc-Al) and amorphous
Al2O3 (a-Al2O3) nanocrystals as the surface oxide layer around the NC–Al, and explained the phenomenon of cp reduction
by calculating the VDOS of fcc-Al and a-Al2O3 nanocrystals. The a-Al2O3@Al nanoparticles are composed of 1 nm thick
a-Al2O3 shells encapsulating a fcc-Al core. According to the VDOS calculation results, the surface and volume VDOSs
(D(ω)) of the α-Al2O3 layer are different from the pure fcc-Al nanocrystals at low frequencies and D(ω) is scaled to D(ω)
∼ω1.5. Furthermore, the cp of a-Al2O3@Al nanoparticles demonstrated a different temperature dependence from pure
metal nanocrystals at low temperatures.

2.3.3.4. Effect of temperature. In 1912, Debye proposed a formula for calculating the cp of solids, which considered that
the cp is the sum of the atomic vibrations of various frequencies [252]. When the temperature is much lower than the
Debye temperature, the cp is proportional to T 3 in the 3-D case, to T 2 in the 2-D case and to T in the 1-D case, which is
the well-known Debye’s law [253]. When the temperature is much higher than the Debye temperature, the cp of the solid
conforms to the Dulong–Petit’s law, which says the cp is a constant independent of temperature [254]. Generally, the cp
of a solid is caused by the thermal vibration of the crystal lattice. As the temperature increases, the thermal vibration of
the crystal lattice becomes stronger, and the cp of the solid is larger. This section will discuss the effect of temperature
on cp of several common nanomaterials such as CNT, graphene, and nanocrystals.

For CNTs, Hone et al. [255] studied the temperature dependence of cp on SWCNTs ropes at low temperatures. When
the temperature is within 100–200 K, the cp is linearly correlated with T. When the temperature is below 50 K, the
cp is proportional to T 2, which is in accordance with Debye’s law. Similar results were reported by Li et al. [256]. In
addition, some previous work reported that the cp of both SWCNTs and MWCNTs renders a linear dependence on T at low
temperatures [150,257], which is explained by the fact that the wall-to-wall coupling in MWCNTs is quite weak compared
with graphite. A few research groups studied the cp of double-walled carbon nanotubes (DWCNTs). For example, Xiang
et al. [258] reported that the interaction between adjacent tubes and layers is not negligible for the cp of DWCNTs in the
low temperature of 0.3–30 K. The contribution of electrons to cp in SWCNTs is much lower than that of phonons at low
temperatures [256,259], and the relationship between cp and T follows a cubic polynomial.

For graphene, Alofi et al. [260] studied the cp of graphene under different acoustic branches as a function of T, such as
the in-plane longitudinal mode (LA), the in-plane transverse mode (TA), and the out-of-plane or flexural mode (ZA). At
low temperatures below 100 K, the cp of the LA branches and the TA branches is proportional to T 2, while the cp of the ZA
branches was proportional to T, which is attributed to the quadratic dispersion in the ZA phonons. Therefore, the overall
cp of graphene is proportional to T at low temperatures. When T > 2500 K, the cp is independent of T, which conforms
to Dulong–Petit’s law. Nika et al. [261] studied the phonon cp of the single-layer, bilayer and twisted bilayer graphene,
and the same conclusions as in Ref. [255] were obtained. That is, when the temperature is low, T < 15 K, the cp and T
relation is cp ∼T n: for single-layer graphene n = 1, for bilayer graphene n = 1.6, and for twisted bilayer graphene n =

1.3. The study of graphene cp dependence on different layers offers the possibility of the selective thermal modulation
based on graphene.

Many scholars have also studied the relationship between cp and T for nanocrystals. For example, Zhang et al. [262]
studied the relationship between the cp and T of NC–Cu. According to the Debye formula, the relation between cp and T
of ideal crystalline Cu is cp ∼T 3. However, it is found in their study that the cp of NC–Cu was greater than that of the bulk
Cu, and thus the relation deviates from the Debye law. The reason is that the atomic distribution in the grain boundary
of NC–Cu is more chaotic, resulting in greater entropy and larger cp.

So far, we have reviewed and summarized the theoretical analysis, experimental measurement techniques and key
influencing factors for the thermophysical studies of solid nanomaterials in this section. Theoretical research has focused
on how to define the cp of solid nanomaterials through the Dulong–Petit law, Einstein model and Debye model, and
analyzing the relationships and differences between the three models and their development processes. The most
representative experimental techniques for thermophysical properties measurement of solid nanomaterials include the
3ω method and the AC-calorimetric technique. As to the size effect of cp, we have concluded that particles have higher cp
than the bulk under ultra-low temperature. This phenomenon can be explained by the fact that the small size particles
have a large specific surface area, which facilitates surface phonon softening. Furthermore, due to the small grain size and
large specific surface area, the thermophysical properties of nanocrystal materials are significantly different from those of
conventional crystals [237]. Due to differences in the interface components, the cp value of nanocrystals is slightly higher
than that of the polycrystalline state in the temperature range of 150–300 K. The cp values of several typical nanomaterials
have a different dependence on temperature over different temperature ranges.
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3. Colloidal nanofluids

Nanofluids are an advanced colloid obtained by dispersing 1–100 nm nanoparticles in conventional liquids. Many stud-
ies have shown that nanofluids possess excellent thermophysical properties compared to conventional fluids. Therefore,
it is necessary to examine parameters influencing nanofluids properties such as temperature, the morphology and volume
fraction of nanoparticles, and type of base fluid. In this section, we summarize the latest studies on thermal conductivity,
viscosity, density, and specific heat capacity of nanofluids. Thermophysical properties of nanofluids are investigated in
four aspects including theoretical research, the development of models from classical to advanced level, measurement
techniques, and the main elements affecting the properties.

3.1. Thermal conductivity

3.1.1. Theoretical models
Experimental results indicate that the thermal conductivity of nanofluids (knf) is usually higher than that of conven-

tional fluids [10,14,263–265]. Fig. 13 schematically illustrates the development history of the classical thermal conductivity
models for nanofluids and their characteristics. The first model has originated from Maxwell’s theory [266] where a
thermal conductivity model was proposed for solid–liquid mixtures. That model is based on a system of randomly
dispersed spherical particles in suspension. The keff of the nanofluids is written as:

knf =
kp + 2kbf + 2Φp

(
kp − kbf

)
kp + 2kbf − Φp

(
kp − kbf

) kbf (29)

where kp and kbf are the thermal conductivity of particles and the base fluid, respectively. Φp is the volume fraction of
the nanoparticles. It is worthy to note that this model is rigorously valid for the case in which the value of kp is close to
kbf. Hamilton [267] extended the Maxwell model to make it suitable for non-spherical particles as well. By considering
the shape factor for particles, the modified Maxwell model can be written as:

knf =
kp + (n − 1) kbf + (n − 1) Φp

(
kp − kbf

)
kp + (n − 1) kbf − Φp

(
kp − kbf

) kbf (30)

where n is the empirical shape factor and defined as n = 3/Ψ , and Ψ is the ratio of the surface area of the particle with an
arbitrary shape to that of a spherical particle with the same volume. For large volume fractions of spherical nanoparticles,
the model of Bruggeman [268], which takes into account the interactions of the spherical particles, is more accurate:

knf
kbf
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) kp
kbf
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)
− 1
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+
[
3
(
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)
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]}2
+ 8 kp

kbf

4
(31)

In fact, when nanoparticles are dispersed into a liquid, a thin layer is formed on the surface of nanoparticles which
affects the magnitude of thermal conductivity. Yu and Choi [269] modified the Maxwell model by considering this
nanolayer as follows:

knf =
kp + 2kbf + 2Φp

(
kp − kbf

)
(1 + β)3 Φp

kp + 2kbf − Φp
(
kp − kbf

)
(1 + β)3 Φp

kbf (32)

where β is obtained by the thickness of the nanolayer divided by the particle diameter. Compared to Maxwell model [266],
it was approved that the nanolayer considered by Yu and Choi [269] can significantly ameliorate the knf when the diameter
of nanoparticles is less than 10 nm. Similarly, Xue and Xu [270] considered the nanolayer on the particle surface and
modified the model of Bruggeman [268]. The modified model is:(

1 −
Φp

z

)
knf − kbf
2knf + kbf

+
Φp

z
(knf − kis)

(
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− z

(
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)
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(
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)
+ 2z

(
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)
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= 0 (33)

z =

[
rp/2

rp/2 + dis

]3
(34)

where kis denotes the k of the interfacial shell, dis denotes the thickness of the interfacial shell, and rp is the diameter of
the nanoparticles. The shell and the nanoparticles can be regarded as composite nanoparticles and the volume fraction
can be expressed as Φp/z. This model indicates that the knf depends on the nanoparticle size and the interfacial properties,
which is in good agreement with the experimental data for CuO/ water and CuO/EG nanofluids.

The random motion of the nanoparticles in base fluid, which is called as Brownian motion, enhances the effective
thermal conductivity [271]. Xuan et al. [272] proposed a modified Maxwell model taking into account the Brownian
effect:

knf
kbf

=
kp + 2kbf − 2Φp (kbfΦP)

kp + 2kbf + Φp (kbfΦP)
+

ρpΦpcp
2kbf

√
2kBT
3πrclµ

(35)
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Fig. 13. Schematic diagram of the development history of the classical thermal conductivity models for nanofluids and their characteristics.

where kB is the Boltzmann constant, µ is the dynamic viscosity of liquid, rcl is defined as the apparent diameter of the
cluster. Thus, this model is applicable to nanofluids in which the particles are randomly dispersed or even agglomerated.
Koo and Kleinstreuer [273] presented a thermal conductivity model that considers the effect of nanoparticle size,
concentration and temperature as well as particles Brownian motion. They captured the heat transfer caused by the fluid
flow which was driven by the random movement of nanoparticles. The new thermal conductivity model is combined with
the static part and Brownian motion part:

knf = kstatic + kBrownian =
kp + 2kbf + 2Φp

(
kpΦbf

)
kp + 2kbf + Φp

(
kpΦbf

) kbf + 5 × 104f1Φpρpcp

√
kBT
ρprp

f2
(
T , Φp, etc.

)
(36)

where f1 and f2 are both empirical functions obtained from experimental data, which are related to the particle volume
fraction, particle shape and liquid temperature. At a higher temperature, Brownian motion is stronger and the model
prediction is more accurate. Chon et al. [274] introduced the Reynolds number into the model based on the fitting of the
experimental data of Al2O3/ water nanofluids, where the Reynolds number is a function of particles velocity. The model
is described as:

knf
kbf

= 1 + 64.7Φ0.74
p

(
rbf
rp

)0.369 (kbf
kp

)0.747

× Pr0.9955 × Re1.2321 (37)
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µbf

ρbfαbf
, Re =

ρbfvprp
µbf

=
ρbfkBT

3πµ2
bfΛbf

(38)

where rbf denotes the diameter of the base fluid molecule, Λbf refers to the mean free path of the base fluid molecules,
and νp is the Brownian motion velocity of the nanoparticles. The effect of the Brownian velocity of the nanoparticles on
the kf can be reflected from this model. In addition, Wang et al. [275] took the surface adsorption and size effects of
nanoparticles into account, which gives:
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In this model, it is considered that nanoparticles would form clusters due to surface adsorption, thus kcl can be used to
replace kp. According to the fractal theory, the knf containing different particle cluster shapes can be fully considered. Jang
and Choi [271] also considered collisions between base fluid molecules and the interaction between nanoparticles and
base fluid. Their proposed model is:

knf = kbf
(
1 − Φp

)
+ kpΦp + 3C

rbf
rp

kbfRe2r PrΦp (40)

where C is an empirical constant. The above models embodied the vital role of Brownian motion in the thermal conduction
of nanofluids.
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Fig. 14. Schematic diagram of the differences and ties among different models considering the effects of nanolayers.

3.1.1.1. Role of nanolayer thickness. The Hamilton–Crosser model [267] considered the effects of particle shape, the Cheng–
Vachon model [276] included the particle distribution and the Jeffery model [277] focused on inter-particle interactions.
The effect of the nanolayer on thermal transport cannot be neglected since the layered molecules always occur between
the particle and liquid [278]. Hence, considering the effect of the nanolayer, Yu and Choi [269] proposed a modified
Maxwell model (Eq. (32)) that is discussed in Section 3.1.1. Since the above-mentioned modified Maxwell model is only
applicable to nanofluids with spherical nanoparticles, Yu and Choi [279] then proposed a modified Hamilton–Crosser
model which could be applicable to the non-spherical nanoparticles by assuming the nanolayer is the confocal ellipsoid
with the inner particles. The keff of this model is in good agreement with nanotube-in-oil suspensions, but it cannot predict
the nonlinear knf.

Leong et al. proposed a new model which includes the effect of interfacial layer thickness with the assumption that
there was no interaction between the particles and that the temperature fields are continuous in the fluid, particles and
nanolayer with different k values [280]. This new model exhibits good agreement with available experimental data for
different types of nanofluids [281]. Fig. 14 summarizes the differences and ties among various models considering the
effects of nanolayers. However, there was a problem that had not been solved yet: How to determine the thickness of
the nanolayer? To answer this question, Murshed et al. [281] proposed a series of models for determining the thickness
of spherical and cylindrical nanoparticles through the manipulation of the heat conduction in the fluid, the particles and
the nanolayer. Feng et al. [282] also studied the effect of non-aggregating particles and aggregating particles (clusters) on
nanofluids following a study by Yu and Choi. [269]. They focused on the thermal transport of aggregating particles and
proposed an expression for the effective thermal conductivity (keff): keff = (1−y)km+yka, where keff is the effective thermal
conductivity, km is the predicted k from the modified Maxwell model, ka is the thermal conductivity of the aggregation
model and y is the ratio of aggregating particles to all nanoparticles. The particle distribution in this model is closer to
experimental data.

3.1.1.2. Nanoparticle size effect. The enhancement of knf is attributed to the Brownian motion of the nanoparticles. Due to
the small size of the nanoparticles and the strong Brownian motion, the size of the nanoparticles is an important factor
affecting knf [283]. Xu et al. [284] considered the thermal convection caused by Brownian motion, and proposed a model
for calculating knf:

knf
kbf

=
kp + 2kbf − 2Φp

(
kbf − kp

)
kp + 2kbf + Φp

(
kbf − kp

) + C
Nu · rbf

Pr
(2 − Dbf)

(1 − Dbf)
2

[(
rp,max
rp,min

)1−Dbf
− 1

]2
(

rp,max
rp,min

)2−Dbf
− 1

1
rp

(41)

where C is an empirical constant, rbf is the diameter of base fluid molecule, Nu is the Nusselt number, Pr is the Prandtl
number, Dbf is the fractal dimension, rp is an average size of the nanoparticles, and rp,min and rp,max are the minimum and
maximum diameters of the nanoparticles, respectively. Experimental measurements of k of Al2O3/water and CuO/water
nanofluids agree well with predictions of the theoretical model. However, this model is complex and consists of many
empirical parameters.

Brownian motion is affected by the size of the nanoparticles [285]. Dong and Chen [286] considered the contributions
of both particle size and Brownian motion to the knf. Brownian motion was assumed equivalent to the increase of the
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radius of the particles. Finally, an improved thermal conductivity model was proposed. The relationship between the keff
and the particle size was presented as:

knf =
(β + 1) kbf + βkp + 2βΦp

(
kp − kbf

)
(β + 1) kbf + βkp − βΦp

(
kp − kbf

) kbf (42)

Φp = ρs
reff3

rp3
(43)

where β is the coefficient, ρs is the density of the solid, and reff is the effective diameter, which is dependent on the
Brownian velocity of the nanoparticles.

According to the previous studies, the Brownian motion-induced convection and the path of heat transfer are the
two of the dominant factors that influence the heat transfer of nanofluids [287]. Ganesan et al. [288] studied the k of
nanoclusters-based nanofluids with a very large particle size (115–530 nm). Considering the interfacial thermal resistance
and the mixed convection of nanoparticles, the expression for k is:

knf
kbf

=
(
1 + AReγ Pr0.333Φp

) 1 + 2βΦp

1 − βΦp
(44)

where γ is the index determined by the system and A is a constant. The convection velocity is defined as the root mean
square velocity υp of the nanoparticle:

υp =

√
18kBT
πρpd3

(45)

where kB is the Boltzmann constant, T is the temperature, and ρp is the density of the particles. In general, knf decreases
with increasing particle size.

3.1.1.3. Temperature influence. In addition to the factors mentioned above, knf also shows a strong dependence on
temperature. It can be seen from the modified Maxwell model (Eq. (35)) proposed by Xuan et al. [272], it not only considers
the effect of Brownian motion on k, but also involves the effect of temperature. In addition, Koo and Kleinstreuer [273] also
considered the effect of temperature on k in Eq. (36). They believed that temperature can directly affect the Brownian
motion of particles in the nanofluids, so in the second term of Eq. (36), it is a temperature-related function. At higher
temperatures, Brownian motion is stronger and the model predicts more accurate. But it is only applicable for the
temperature range 293–325 K. Vajjha and Das [289] obtained more extensive data based on this model, and proposed a
thermal conductivity model for three EG-water based nanofluids containing Al2O3, ZnO, CuO nanoparticles, respectively.
The knf is a temperature-dependent function similar to Eq. (39) and the empirical expression was given as:

f
(
T , Φp

)
=
(
2.8217 × 10−2Φp + 3.917 × 10−3) ( T

T0

)
+
(
−3.0669 × 10−2Φp − 3.91123 × 10−3) (46)

where Φp is the concentration of the nanoparticle. Compared with other models, this model is in better agreement with
the experimental data.

In 2009, Moghadassi et al. [290] presented a model based on dimensionless groups considering the size and concen-
tration of nanoparticles, thermal conductivity of both solid and liquid phases as well as the interfacial shell specifications.
However, the effect of temperature was not considered in the model. Later on, Hosseini et al. [291] modified Moghadassi
et al. [290] model by including temperature. Their dimensionless expression is:

knf
kbf

= 1 + J
(

Φa
p

rbp

)(
T
T0

)c

(47)

where J, a, b, and c are all constants depending on the type of nanofluid and are determined by experiments.
Based on information given in [292] on graphene-based composites and using Xuan et al. [272] model, Gao et al. [293]

proposed a novel model for predicting the thermal conductivity of graphene nanofluids. This model includes the effect of
interfacial thermal resistance, length, thickness, the average flatness ratio of the graphene nanoparticles and the Brownian
motion. Based on the experimentally obtained k of the graphene nanofluid in the temperature range of 253–303 K, they
proposed a mathematical expression as:

knf
kbf

=

3 + 2η2Φp

/
kbf
(

2Rk
Lp

+ 13.4
√
t
)

3 − Φp
+

ρpΦpcp,p

2kbf

√
2kBT
3πµrc

(48)

where η is the average flatness ratio of the graphene, Rk is the interfacial thermal resistance, Lp is the length of particles,
dp is the thickness of the particles, ρp is the density of the particles, cp,p is the isobaric heat capacity of particles, µ is the
dynamic viscosity, and rc is the mean diameter of gyration, approximately half the graphene particle diameter rp,eq. The
first term on the right side of the equation is the effective knf for a static fluid, and the second term is the knf induced by
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the Brownian motion of nanoparticles [294]. Non-spherical particles can be treated as spherical particles with the same
volume, and thus the equivalent diameter is:

rp,eq =

(
6Vnon−sph

π

)1/3

(49)

3.1.1.4. Aggregation effect. The mechanisms of heat transfer enhancement of nanofluids have been studied by many
researchers, who experimentally proved that besides Brownian motion, the aggregation of nanoparticles can also lead
to the enhancement of knf [295,296].

Feng et al. [282] considered the aggregation effect of nanoparticles and proposed a new model for the knf. In this model
the knf was related to the nanoparticle size, the nanoparticle volume fraction, the thickness of the interfacial nanolayer,
the k of the nanoclusters and the base fluid, which can be expressed by:

knf
kbf

=
(
1 − Φp,eq

) kp,eq + 2kbf + 2
(
kp,eq − kbf

)
(1 + β)3 Φp

κp,eq + 2kbf −
(
kp,eq − kbf

)
(1 + β)3 Φp

+ Φp,eq

[(
1 −

3
2
Φp,eq

)
+

3Φp,eq

ι

[
1
ι
ln

rp/2 + dis(
rp/2 + dis

)
(1 − ι)

− 1

]]
(50)

where ι = (1−kbf/kp,eq), kp,eq is the equivalent thermal conductivity of the equivalent particles, Φp is the concentration
of the particles in the nanofluid, Φp,eq is the equivalent volume fraction of equivalent particles, rp is the particle diameter,
and dis is the interfacial shell thickness.

Pang et al. [297] considered the static and dynamic contributions to the amelioration of nanofluids thermal conductivity
where the latter was partly attributed to nanoparticle aggregation. Therefore, the model of nanofluids can be presented
as:

knf = 1 +
Φa (ka − kbf)

(1 − Φa) /n (ka − kbf) + kbf
+
[
A1 ln

(
A2ΦaRemPr0.333

)
+ A3

] 1 + 2Φa + 2 (1 − Φa) α

1 − Φa + (2 + Φa) α
(51)

where α = 2Rb·kbf/rp, Rb and rp are the thermal resistance and particle diameter, respectively, Φa denotes the volume
fraction of the aggregates in the nanofluid, ka is the effective thermal conductivity of the aggregates based on composite
theory [298], n is the shape effect factor, A1, A2, A3 and m are constants determined by experiments, Nu is the Nusselt
number, and Pr is the Prandtl number.

Xu et al. [299] introduced a new model for estimating knf based on fractal distributions of nanoparticles. By developing
Hamilton [267] and Xu et al. [299] models, Wei et al. [300] proposed a model for knf based on fractal aggregation
distribution by analyzing the relationship between the aggregate shape and the fractal dimension. The mathematical
expression is:

knf
kbf

=
m + (n − 1) − (n − 1) (1 − m) Φp

m + (n − 1) + (1 − m)Φp
+ C

Nu · rbf
Pr

(2 − D)D
(1 − D)2

(
Φ

ζ1
p − 1

)2
Φ

ζ2
p − 1

1

La
(52)

F = 3
D

D − 1
3 − D
2 − D

Φ
ζ2
e − 1

Φ−1
e − 1

(53)

where m = kp/kbf, kp is the k of the particles, n is the empirical shape factor determined by the Φp and the fractal
dimension D, ζ1 = (D−1)/(3−D), ζ2 = (D−2)/(3−D), C is an empirical constant, rbf denotes the diameter of base fluid
molecules. and La denotes the average aggregation size. The two terms on the right contain the enhancement of knf induced
by the size effect and Brownian motion effect.

3.1.1.5. Evolution of advanced models. With the deepening of thermal transport research for nanofluids, more and more
factors have been considered, such as nanoparticle interaction, nanolayers, aggregation, Brownian motion and turbulent
effects. Compared to classical models, the multi-parameter advanced models are much closer to reality. Here, we
schematically illustrate the development history of the advanced k models for nanofluids and their characteristics (see
Fig. 15). Taking into account the effect of the nanolayer, Murshed et al. [281] proposed two models of knf with spherical
and cylindrical nanoparticles. For spherical nanoparticles, knf was defined as follows:

knf =
[(
kp − knl

)
Φpknl

(
γ 2
1 − γ 2

+ 1
)
+
(
kp + knl

)
γ 2
1

(
Φpγ

2 (knl − kbf) + kbf
)]

·
[
γ 2
1

(
kp + knl

)
−
(
kp − knl

)
Φp
(
γ 2
1 + γ 2

− 1
)]−1

(54)

As for cylindrical nanoparticles in nanofluids, it can be described as:

knf =
[(
kp − knl

)
Φpknl

(
2γ 3

1 − γ 3
+ 1

)
+
(
kp + 2knl

)
γ 3
1

(
Φpγ

3 (knl − kbf) + kbf
)]

·
[
γ 3
1

(
kp + 2knl

)
−
(
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)
Φp
(
γ 3
1 + γ 3

− 1
)]−1

(55)
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Fig. 15. Schematic diagram of the development history of the advanced thermal conductivity models for the nanofluids and their characteristics.

where knf denotes the keff of the nanofluid, kp, kbf and knl denotes the k of the particles, base fluid and nanolayer,
respectively, Φp represents the volume fraction of particles, 1+

2dnl
rp

= γ and 1+
dnl
rp

= γ1, where dnl denotes the nanolayer
thickness, and rp is the particle diameter. These models show a better agreement with the experimental results than other
reported models at the time of their development.

In consideration of the particle’s Brownian motion and turbulent effects, Feng and Kleinstreuer et al. [301] reported
F–K model. Combined with the Maxwell model [266], this model was expressed as:

knf = kstatic + kmm (56)

where kstatic denotes the static part and kmm denotes the micro-mixing part of the knf. The static part was given by
Maxwell’s model (Eq. (29)), and the micro-mixing part was given by:

kmm = 49500 · 38 ·
kBτp
2mp

· (ρcp)nf · Φp
2
· (T ln T − T )

·

exp(−ξωnτp) sinh
(√

(3πµbfrp)2

4m2
p

−
Qp−p
mp

mp
3πµbfrp

)
τp

√
(3πµbfrp )2

4m2
p

−
Kp−p
mp

(57)

where mp represents the particle mass, rp is the nanoparticles diameter, cp is the isobaric heat capacity, Qp−p is the
particle–particle interaction intensity, and µf is the dynamic viscosity of the fluid. The damping coefficient ξ , the natural
frequency ωn and the characteristic time interval τp are defined as follows:

ξ =
3πrpµbf

2mpωn
, ωn =

√
QP−P

mp
, τp =

mp

3πµbfrp
(58)

To tackle the inaccurate description issue of the CNT-contained nanofluids caused by the significant difference between
the kf and that of the particles, Das et al. [302] proposed a new model:

knf = kbf

[
1 +

kpΦpLmol

kbf
(
1 − Φp

)
rcnt

]
(59)

where the Lmol denotes the molecule size and rcnt is the average diameter of the CNTs. This model fits well with
experimental data. The most prominent advantage is there is no need for any empirical constants in this model. Another
advance in the field is Nan et al. [303] proposed a model which considers the non-isotropic issue of CNTs in nanofluids. This
model explains the k enhancement of the CNT nanofluids by the sample function and concludes that the interfacial thermal
resistance dominates the k of the CNT composites including CNT-containing nanofluids. For CNT-containing nanofluids,
knf can be described as:

knf
kbf

=
3 + Φp (βT + βL)

3 − ΦpβT
(60)
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Fig. 16. Schematic diagram of thermal conductivity measurement principle (a) transient hot wire method [305], (b) laser flash method [305], (c) 3ω
method, (d) steady-state parallel plate method [306] and (e) transient plane source method [307].

where:

βT =
2
(
knfT − kbf

)
knfT + kbf

, βL =
knfL
kbf

− 1 (61)

where knfT and knfL represent the transverse and longitudinal k of a nanofluid unit cell, respectively, which are given by:

knfT =
knf

1 +
2LK
rcnt

knf
kbf

, knfL =
knf

1 +
2LK
Lcnt

knf
kbf

(62)

where LK = RK·kbf. For nanotube composites, LK is 16–40 nm when kbf is 0.2–0.5 W/m K and RK is 83×10−8 m2 K/W, rcnt
is the CNT diameter, Lcnt is the CNT length.

Using experimental data, Corcione [304] proposed a model that can rapidly predict the k for a wide range of conditions
(nanoparticle diameter: 10–150 nm, volume fraction: 0.002–0.09, temperature: 294–324 K). This model is expressed as:

knf
kbf

= 1 + 4.4Re0.4Pr0.66
(

T
Tfp

)10 ( kp
kbf

)0.03

Φ0.66
p (63)

where Re =
2ρbfkBT
πµ2

bfrp
and Tfp is the freezing point of the base fluid.

3.1.2. Experimental measurement techniques
In the following section, we will turn to some classical and commonly used measurement methods for knf, including the

most classical hot wire method, the widely used 3ω method, the most standardized laser flash method, the steady-state
parallel method and the transient plate source method [305–307] (see Fig. 16).

3.1.2.1. Transient hot wire approach. The transient hot wire (THW) method (see Fig. 16a) is first proposed by Stalhane and
Pyk in 1931. After several decades of development, the hot wire method has become one of the most accurate methods for
measuring kf [308–312]. The principle of the transient hot wire method is to immerse a wire (hot wire) which is heated
at a constant power. The temperature of the hot wire rises and heat transfers to the surrounding liquid. The rate at which
the hot wire temperature rises is related to the k of the surrounding liquid, so the kf can be obtained by measuring
the transient temperature rise. The hot wire method is generally measured indirectly using the bridge circuit [308]. The
temperature rise curve of the hot wire is indirectly obtained by measuring the bridge voltage difference data.

The theoretical model of the hot wire method is based on two assumptions [308]: (i) The length of the hot wire is
infinite, the diameter is also infinitely small, and is assumed to be placed vertically in an isotropic fluid to avoid the effects
of free convection; (ii) the k of the hot wire is ideally infinite, so heat capacity can be approximated to zero. The k can
be calculated according to the relationship between the rate of temperature rise of the hot wire and the kf using this
equation k =

q
4π

d ln t
d∆T (t) , where q is heating power of the hot wire and t is time.

Antoniadis et al. [309] pointed out that in case of the fluids containing nanoparticles the solid phase is often polar or
electrically conducting, so it may distort the electrical signal which leads to errors in thermal conductivity measurement.
They suggested that the wire in this technique should be electrically insulated, a proposed use of the electrolytically
oxidized tantalum wire to construct that kind of system. Guo et al. [308] studied the effect of particle size on the knf
using the transient hot wire method. In their experiment, SiO2 nanoparticles were added to DI water and ethylene glycol
(EG), respectively. It was found that the k values of SiO2/EG with a volume fraction of 0.5% and SiO2/EG with a volume
fraction of 1.0% were increased by 3.2% and 9.6%, respectively. Both were higher than that of DW-based nanofluids by
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1.0% and 3.4%. Lee et al. [310] used an advanced hot wire system without the capacitance and natural convection effects
to study the effect of particle size and volume fraction on the keff of Al2O3/EG nanofluids. The analysis implied that when
the volume fraction was less than 0.25%, the effect of particle size is more pronounced than volume fraction. Specifically,
the impact is more obvious at low volume fractions. When the volume fraction was over 0.2%, the particle number density
was a key factor affecting the knf due to Brownian motion. Aparna et al. [311] compared the differences in knf measured
by the hot wire method and the laser flash method. Interestingly, the nanoparticles exhibited a higher collision flux with
the wall by the hot wire method than the laser flash method, resulting in a higher k.

3.1.2.2. 3ω method. As mentioned in the previous sections, the 3ω method (see Fig. 16c) is a powerful tool for the k
characterization of solid nanomaterials, and it can also be used for nanofluids [267,313,314]. Oh et al. [313] measured
the k of an aluminum oxide/deionized water (Al2O3/DI water) nanofluid using this method. The biggest advantage of
their experimental setup was the home-made micro-device that only needs one drop of nanofluid to complete the k
measurement. Turgut et al. [314] carried out the measurement of TiO2/DI nanofluids with a volume fraction from 0.2% to
3.0% using the 3ω method. The results agreed well with that of the Hamilton–Crosser model [267] at volume fractions
less than 1%. Qiu et al. [315] developed a so-called reusable freestanding sensor for the k measurement of conventional
fluids (DI water, EG, ethanol, etc.) and nanofluids. The most classical test structure of nanofluids for the 3ω method is a
metallic wire as the heater/thermometer immersed into the nanofluids. Karthik et al. [316] used a pure platinum wire
to measure the knf. The k of 0.05 vol% CuO/DI water at RT and pH = 1 was reported as 0.666 W/m K with a very low
measurement uncertainty less than 1.2%.

Han et al. [317] even developed a so-called extended 3ω-wire method to measure the knf. This method used a
small temperature oscillation to ensure that the thermophysical properties of the nanofluids remained constant during
the measurement. By means of phase-locking technology, the background noise was controlled, which enabled the
authors to achieve the k measurement of poly-alpha-olefin (PAO) oil with dispersed composite carbon nanoparticles.
The temperature-dependent k of nanorod-based nanofluids was also measured by this method [318], which confirmed
that the 3ω method is powerful for the thermophysical measurement of nanofluids containing non-spherical particles.
Choi et al. [319] successfully measured the k of a CNT/H2O nanofluids by immersing a single platinum wire into the
fluid. One may easily observe that the 3ω method detects the electrical signal in the frequency domain and needs to be
averaged over a certain length of time, generally much longer than the characteristic time of the random motion of the
nanoparticles in the fluid. This feature eliminates the spurious signals caused by the particle motion. It also proves the
applicability of the 3ω method in the measurement of k of the nanofluid.

3.1.2.3. Laser flash method. The laser flash (LF) method (see Fig. 16b) first proposed by Parker et al. [174] is one of the
most common methods for measuring knf. For colloidal nanofluids, the basic measurement principle is that the laser is
used as the heating source to heat the bottom surface of nanofluids, and a thermometer on the top surface measures the
temperature rise, so the α can be calculated based on the transient temperature response, then the knf is derived from
the formula k = ρcpα [320]. As a standard transient method, the laser flash method has the advantage of short heating
time, which minimizes the undesired influence of radiation and convection on the measurement accuracy [321]. Some
nanofluids samples are transparent to infrared or visible light. Therefore, in order to reduce measurement errors, a metal
film can be attached to both sides of the container preventing the flash from penetrating into the bottom surface and the
infrared light from entering the sample on the top [322].

Harikrishnan et al. [323] measured the k of TiO2/stearic acid nanofluids using the laser flash method, and proved that knf
increases with increasing volume fraction of TiO2 nanoparticles. Zhang et al. [324] also measured the knf with different
Al2O3 nanoparticles sizes at high temperatures. The results emphasized that the knf was enhanced to different extent
compared with the base fluids. Leena et al. [322] compared the k of TiO2/EG-water with TiO2/propylene glycol/water
nanofluids using the same method, and calculated the theoretical value of knf using ultrasonic velocity, which was in
agreement with experimental values.

It should be noted that the laser flash method would cause errors in measuring knf, especially for nanofluids with low k.
Aparna et al. [311] used the laser flash method to measure the k of Al2O3/aqueous and Ag/aqueous nanofluids. Compared
with other methods, the Brownian motion of the nanoparticles was limited due to the small liquid pool (∼50 µL), so
the k measured by the laser flash method was lower. Buonomo et al. [325] reported that the k of Al2O3/water nanofluids
was increased by 4.95% according to the measurement results by the laser flash method. Beck et al. [283] measured the
Al2O3/water nanofluids with the same nanoparticle size and volume fraction by the transient hot wire method, but results
indicated that the k was increased by 16.5%, much higher than the values reported in [325]. Zagabathuni et al. [305]
used a collision-mediated model to study the difference in k values by various experimental methods. It was found
that the measurement results using the laser flash method were lower, which was attributed to the limitation of the
Brownian motion and the reduction of the collision frequency of the nanoparticles. Kleinstreuer et al. [326] measured
the k of polyalphaolefin (PAO)-based nanofluids by three methods, i.e. the laser flash method, the transient plane heat
source method and the hot wire method. They concluded that the laser flash method lacks enough accuracy in measuring
nanofluids with low k because their k is approximately the same as that of the liquid pool, resulting in the fact that heat
flow through the liquid pool is not negligible. From the above analysis, as can be seen, the k measured by the laser flash
method is lower than the other methods, but the difference is not significant for the pure fluid.
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3.1.2.4. Steady-state parallel plate method. Steady-state parallel plate (SSPP) method (see Fig. 16d) is a basic experimental
technique for measuring kf. During the measurement, a small amount of the fluid is placed between two parallel copper
round plates (99.9% purity) with thermocouples arranged. The k is determined according to the relationship between the
heat flowing through the test structure and the temperature difference between the upper and lower copper plates [306].
For using this technique, it is important to avoid the heat loss from the sample, so the insulation system and heat controls
system must be rigorous designed and controlled. Wang et al. [306] used this method to measure the knf with two kinds
of nanoparticles (Al2O3 and CuO) dispersed in the same base fluid. The obtained k values were much higher than the
predictions from the existing theoretical models. Li and Peterson [327] measured the k of Al2O3/H2O nanofluids with two
different particle diameters. They confirmed that the knf was boosted compared to the base fluid by 27% after the addition
of nanoparticles with 36–47 nm diameters. Sridhara et al. [328] comprehensively compared the difference in results
among various experimental measurement techniques. They pointed out that the steady-state parallel plate method is
least affected by the nanoparticle aggregation phenomenon, owing to the small thickness of the liquid spreading on the
plate.

The concentric cylindrical structure is another form for the steady-state method. The method derived from the above
structure is named the steady-state coaxial cylinder method. Kurt et al. [329] employed this method to measure the k of
EG-water fluids. Combined with artificial neural networks, accurate prediction of kf was achieved. Barbés et al. [330]
measured the k of CuO/water and CuO/EG nanofluids by using this method combined with microcalorimetry. Putra
et al. [264] studied the effect of natural convection in nanofluids using a horizontally placed cylinder that was cooled at
one end and heated at the other end. The measurement results suggested that for their prepared Al2O3/water nanofluid
(concentration: 4%, average particle diameter 131 nm), k was enhanced by 24% compared to the base fluid. Notice that the
apparatus of the steady state method is relatively simple and convenient, but still needs further developments to increase
the measurement accuracy.

3.1.2.5. Transient plane-source method. The transient plane-source (TPS) method (see Fig. 16e) has become a commercial
technique for measurement of knf. Generally, this method is implemented by hot disk technology where the hot disk is
regarded as both the plane source and the temperature sensor. Once immersed in the colloidal materials, the heat loss
from the hot disk is monitored by its electrical resistance change versus time, then the k of the colloidal materials is
obtained [331–333]. The hot disk element consists of a continuous double spiral of electrically conducting nickel (Ni)
metal and is sandwiched between two pieces of thin polyimide films. When the double spiral nickel strip is energized, its
temperature rises rapidly and the heat spreads to the samples through the thin polyimide films. After a certain period,
the k of the sample can be obtained based on the real-time recorded the temperature versus time curves [334].

Later, Harris et al. [335] proposed a modified transient plane source (MTPS) for the measuring of thermophysical
properties of nanofluids in motion. By using a fast response sensor, minimal sample volume and low energy power flux,
the modified method can distinguish the contribution from different heat transfer modes and eliminate the effect of heat
convection. This method has been widely used for measurements of knf. Li et al. [336] measured Al2O3/water nanofluids
in various conditions using the MTPS method to obtain the best thermal behavior. Compared with the base fluid, knf was
enhanced by 10.1%. Peng et al. [307] also used the MTPS method to characterize the knf containing different shapes of
CNTs, and concluded that the aspect ratio of CNTs is positively correlated with the k of CNT-based nano refrigerants.

3.1.3. Experimental studies
Several researchers have developed various experimental methods to measure knf. They found that the following seven

factors strongly affect the obtained the k values during measurement:

1. nanoparticle concentration,
2. temperature,
3. nanoparticle size,
4. nanoparticle shape,
5. nanoparticle agglomeration,
6. pH,
7. sonication time.

Fig. 17 illustrates the intrinsic mechanisms of various factors on knf. How to scientifically control and modulate these
factors is a big challenge. Thereafter, we will focus on the latest studies dealing with the effect of the above-mentioned
factors on knf. We have summarized some significant experimental data of k of representative nanofluids reported by
previous studies [10,274,281,283,306,313,314,327,336–393] (see Table 2).

3.1.3.1. Nanoparticle concentration effect. Nanoparticle concentration can significantly affect the knf [337–342]. The study
of Esfe et al. [337] argued that increasing MgO nanoparticle concentration (from 0.5 vol% to 2 vol%) boosted Nu, which
has a higher impact on the promotion of k. Their other studies also emphasized the significant nanoparticle concentration
effect, when the concentration of ZnO–DWCNT nanoparticles reached the maximum (1.95 vol% for EG nanofluid and 1 vol%
for water-EG nanofluid), the k could get boosted considerably: 24.9% promotion for ZnO–DWCNT/EG nanofluid and more
than 32% promotion for ZnO–DWCNT/water-EG nanofluid [338,339]. Similar results were given by Rostamian et al. [340],
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Fig. 17. The intrinsic mechanisms for the influence of various factors on the thermal conductivity of nanofluids.

when CuO nanoparticle concentration increased from 0.02 vol% to 0.75 vol%, the k of the CuO/water-EG nanofluid was
improved by at least 28.9%. The increasing nanoparticle concentration could bring more positive results in nanofluids
when also considering temperature effects, such as boosting k of SiC/EG nanofluids by 16.21% compared with the base EG
nanofluids [341,342].

It is known that the addition of nanoparticles with high k has a positive influence on the overall heat transfer ability
of nanofluids. Based on the above-mentioned work, the increasing nanoparticle concentration will further amplify this
positive effect. In light of conclusions inferred by some researchers, the reason for the nanoparticle concentration effect
could be the decreasing free path between nanoparticles due to the percolation effect, which increases the frequency of
the lattice vibration [394,395]. In addition, the increasing interfacial area between nanoparticles and the base fluid [396]
and the stronger heat transfer motion at enormous amounts of particles [397] also lead to the increase in k.

However, it is intriguing to note that k can obtain ideal improvement only under increasing nanoparticle concentration.
The dispersion and stability of the nanoparticles inside the base fluid also affect the concentration effect [398,399], in
which the dispersion depends on the sonication time as will be discussed later.

3.1.3.2. Temperature effect. Many studies have confirmed that temperature is one of the indispensable factors in studying
knf [274,281,343,344,356,397,400–402]. Li and Peterson [344] used the steady-state method to obtain k of Al2O3/water
nanofluids at different temperatures. The improvement of keff of Al2O3/water nanofluid compared with the base fluid
was nearly three times when the temperature changed from 27.5 ◦C to 34.5 ◦C. It was believed that Brownian motion
of the Al2O3 nanoparticles caused a micro-convection effect within the base fluid molecules, which was intensified by
the increasing temperature and thus improved the heat transfer capacity of the nanofluid. This is consistent with the
conclusion obtained by Chon et al. [274], who pointed out that the rise of temperature increased the Brownian velocity.
Moreover, Mintsa et al. [343] experimentally proved the temperature-dependence of the k of CuO/water and Al2O3/water
nanofluids. Duangthongsuk et al. [356] measured the k change with temperature for TiO2/water nanofluids using the
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Table 2
Summary of experimental data from research into the enhancement of the thermal conductivity of nanofluids (knf).
Particle type Base fluid k enhancement (%) Volume concentration (%) Size (nm) Method Year Ref.

Al2O3 Water 31 18 41 THW 2009 [343]
30 10 36 SSCB 2006 [344]
28 6 36 SSCB 2007 [327]
24 4 38.4 THW 2003 [345]
22 14.6 20 TSHW 2007 [346]
17.7 4 282 THW 2009 [283]
14.4 4 40 Flash 2015 [347]
10.1 4 15–50 TPS 2009 [336]
9.7 3 43 THW 2010 [348]
9 1 11 THW 2005 [274]
8 3 38 SSCB 2007 [349]
7.52 2 43 THW 2010 [348]
7.1 0.08 10 THW 2018 [350]
5.4 4 12 THW 2010 [351]
4.7 0.05 10 THW 2018 [350]
3.28 0.75 43 THW 2010 [348]
3.1 0.04 10 THW 2018 [350]
1.64 0.33 43 THW 2010 [348]

EG 30 5 60.4 THW 2002 [352]
22 0.08 10 THW 2018 [350]
18 5 38 THW 1999 [353]
17.3 0.06 10 THW 2018 [350]
16.3 3 282 THW 2009 [283]
14.3 4 12 THW 2010 [351]
10.6 3 38 THW 2007 [349]
9.7 4 45 3ω 2008 [313]

EG/Water 12.6 2 13 THW 2015 [354]
11.3 3 10 THW 2010 [351]
10.4 3 50 THW 2010 [351]
8.4 2 13 THW 2015 [354]
16.2 2 13 THW 2015 [354]

EO 30 7.4 28 SSPP 1999 [306]
PO 38 5 60.4 THW 2002 [352]

20 7.1 28 SSPP 1999 [306]

Glycerol 27 5 60.4 THW 2002 [352]
DI 13.3 4 45 3ω 2008 [313]

4 1 48 THW 2007 [355]

TiO2 Water 11.4 3 10 THW 2007 [349]
8.7 3 34 THW 2007 [349]
7 2 21 THW 2009 [356]
6.5 2.6 40 THW 2007 [346]
6.4 3 70 THW 2007 [349]
4.2 2 20 THW 2007 [357]

EG 19.52 7 5 THW 2016 [358]
18 5 15 THW 2008 [281]
14.4 3 10 THW 2007 [349]
12.3 3 34 THW 2007 [349]
7.5 3 70 THW 2007 [349]

DI 33 5 Ø10×40 THW 2005 [359]
30 5 15 THW 2005 [359]
14.4 1 20.5 THW 2007 [355]
7.2 3 21 3ω 2009 [314]

(continued on next page)

transient hot-wire method. All these researchers attributed the increase in k with increasing temperature to the effect
of Brownian motion enhancement. Later, Godson et al. [400] indeed experimentally confirmed the change of Brownian
velocity in nanofluids with temperature rise. They measured k of 0.9 vol% Ag/DI water nanofluids using the transient
hot-wire method. When the temperature increased from 50 ◦C to 90 ◦C, the Brownian velocity enhanced from about
1.5×10−9 m/s to 2.1×10−9 m/s, and the knf was boosted from 0.8 W/m K to 1.6 W/m K. The effect of temperature on
nanofluid heat transfer performance can be intuitively seen from the data. Li et al. [401] pointed out that the increase
in temperature reduced the surface energy of the nanoparticles for agglomeration and improved the Brownian motion,
leading to the improved k. Brownian motion is not only dependent on temperature. Harandi et al. [397] measured k
of F–MWCNTs–Fe3O4/EG over the temperature range from 25 ◦C to 50 ◦C. The measured k demonstrated nearly linear
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Table 2 (continued).
Particle type Base fluid k enhancement (%) Volume concentration (%) Size (nm) Method Year Ref.

CuO Water 52 6 29 SSCB 2006 [344]
34 9.7 23 SSPP 1999 [306]
32.3 7.5 25 THW 2012 [360]
24 2 55–66 THW 2016 [361]
16.5 4.68 33 TSHW 2007 [346]
12 3.41 24 THW 1999 [353]
5 1 33 THW 2007 [362]

EG 54 14.8 23 SSPP 1999 [306]
23 4 24 THW 1999 [353]
21 2 55–66 THW 2016 [361]
9 1 33 THW 2006 [363]

MEG 21.3 7.5 25 THW 2012 [360]
EO 14 2 55–66 THW 2016 [361]

CeO2 EG 22 2.5 10–30 THW 2018 [364]
ZnO Water 14.2 3 10 THW 2007 [349]

7.3 3 60 THW 2007 [349]

EG 21 3 30 THW 2007 [349]
13 2.4 50 THW 2014 [365]

WO3 EG 13.8 0.3 38 THW 2007 [355]
Fe3O4 Kerosene 34.6 1 15 THW 2010 [366]

Water 11.5 3 15–23 THW 2010 [367]
2.9 4.8 15–20 3ω 2019 [368]
1.1 1 15–20 3ω 2019 [368]

NiFe2O4 DI 17.2 2 8 THW 2015 [369]
MgO EG/Water 34.43 3 40 THW 2015 [370]
Cu Oil 43 7.5 100 THW 2000 [10]

Water 78 7.5 100 THW 2000 [10]
23.8 0.1 75–100 THW 2006 [371]

EG 40 0.3 <10 THW 2001 [372]

Au Water 21 0.00026 10–20 THW 2003 [373]
Toluene 8.8 0.011 10–20 THW 2003 [373]

8 0.003 1.65 TSHW 2007 [346]
1.4 0.024 2 MSBD 2006 [374]

Ethanol 1.3 0.018 4 MSBD 2006 [374]

Ag Water 20.8 1.7×10−5 96 TWRC 2019 [375]
16.5 0.001 10–20 THW 2003 [373]
4 3.5×10−6 96 TWRC 2019 [375]

DI 16 0.5 5–25 THW 2015 [376]

Fe EG 38.8 4 20 Theory 2018 [377]
18 0.55 10 THW 2005 [378]
16.5 0.3 10 THW 2007 [355]
15.5 2 50 Theory 2018 [377]

Al EG 45 5 80 THW 2008 [281]
MWCNT Water 80 0.49 Ø40 THW 2006 [379]

34 0.6 Ø130 THW 2005 [380]
7 1 Ø10–30 THW 2007 [362]
5 0.48 Ø10–30 THW 2016 [381]

HTO 160 1 Ø25×50,000 THW 2001 [382]
15 2 Ø5–20 THW 2012 [383]

DI 7 1 Ø15×30,000 THW 2003 [384]
EG 12.7 1 Ø15×30,000 THW 2003 [384]

12.4 1 Ø20–50 THW 2005 [385]

EO 8.5 1 Ø20–50 THW 2005 [385]
DE 19.6 1 Ø15×30,000 THW 2003 [384]

(continued on next page)

dependence on the temperature, which could be ascribed to the enhancement of the interaction between nanoparticles
due to the rising temperature.

Das et al. [345] also studied the temperature effect on the k of CuO/water and Al2O3/water nanofluids from both
experimental and theoretical studies. The results indicated that their experimental observations were in good agreement
with the Hamilton–Crosser thermal conductivity model above 50 ◦C. Murshed et al. [281] proved the strong positive
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Table 2 (continued).
Particle type Base fluid k enhancement (%) Volume concentration (%) Size (nm) Method Year Ref.

DWCNT Water 8 1 Ø5 THW 2005 [380]
SWCNT Water 16.2 0.48 Ø1-2×5000-30,000 THW 2016 [381]

8.1 0.48 Ø1-2×1000–3000 THW 2016 [381]

EG 15.5 0.21 100–600 THW 2012 [386]

Graphene EG 86 0.05 0.7–1.3 TSHW 2011 [387]
Graphene Oxide EG 61 0.05 0.7–1.4 TSHW 2011 [387]
C60-C70 fullerenes Toluene 0.816 0.378 – MSBD 2006 [374]

MO 6 5 10 THW 2007 [362]

SiC (sphere) DI 15.8 4.2 26 THW 2002 [388]
7.2 3 100 THW 2011 [389]

EG 13 3.5 26 THW 2002 [388]
DO 7.36 0.8 30 THW 2016 [390]

SiC (cylinder) DI 22.9 4 600 THW 2002 [388]
EG 23 4 600 THW 2002 [388]

SiO2 Water 38.2 3 40–50 THW 2019 [391]
3.2 1 12 THW 2007 [362]
3 1 12 THW 2006 [363]

Ag/Au PO 33 0.006 10 THW 2006 [392]
15 0.003 10 THW 2006 [392]

Sn/SiO2 TH66 13 5 50–100 THW 2013 [393]
DWCNT/ZnO EG/Water 33 1 Ø3/10–30 THW 2015 [339]

influence of temperature on knf through experiments, and verified the strong agreement between theoretical models and
experiments at high temperature. As can be seen, the influence of temperature on k is significant, and the higher the
temperature, the greater the influence.

3.1.3.3. Nanoparticle size effect. As mentioned in the previous section, nanoparticle size is an important factor for knf.
According to the classical Maxwell model, the knf without the influence of nanoparticle size is only a function of volume
fraction [403], which is obviously unreasonable. Therefore, many theoretical models take into account the effect of
nanoparticle size and the corresponding experimental evidence has been developed. The effect of nanoparticle size on
knf is currently controversial. Many theoretical models and experimental results have contended that knf increases as the
decreasing nanoparticle size. However, some other studies have reported the opposite conclusions, that the k increases
as the increasing particle size.

The classical Maxwell model does not consider the Brownian motion of nanoparticles, so the model cannot predict
the effective knf accurately enough. Dong and Chen [286] regarded both nanoparticle size and Brownian motion as
two independent factors affecting knf. On the one hand, as the nanoparticle size decreased, the knf increased. On the
other hand, Brownian motion was equivalent to an increase of the nanoparticle radius, resulting in an increase of the
nanoparticle volume fraction, and thus knf was increased. Experimental results demonstrated that the effective k of
Al2O3/water nanofluids decreased with the increase of nanoparticle size, which was in good agreement with the model
prediction. Xu et al. [284] proposed a fractal model considering the thermal convection and the fractal distribution of
nanoparticle size. They experimentally studied the k of Al2O3/DI water nanofluids as a function of nanoparticle size.
The results indicated that the keff decreased with increasing nanoparticle size due to Brownian motion. Specifically, the
smaller the nanoparticle size, the greater the Brownian motion velocity of these nanoparticles, and the higher k. Jang
and Choi [404] experimentally verified that the k of oxide nanoparticle, metallic nanoparticle and CNT-based nanofluids
all increased with the increasing nanoparticle/nanotube size. When the nanoparticle size was close to micrometers, the
nanoparticles would not be suspended in the base liquid, and thus Brownian motion did not occur any longer and knf
would not increase.

Some scholars have proposed the opposite conclusion. Timofeeva et al. [405] reported that the k of α-SiC/water
nanofluids increased with increasing nanoparticle size in the range of 16–90 nm. The reason for this phenomenon was that
the smaller nanoparticles had a larger surface area at the solid/liquid interface, which would become an obstacle to the
heat flow, and thus k was smaller. Chen et al. [406] studied the relation between k and nanoparticle size for SiO2/water
nanofluids with nanoparticle sizes in the range of 10–30 nm. It was found that knf increased linearly with increasing
nanoparticle size, owing to the reduced interfacial thermal resistance of the increased nanoparticle’s size. Notice that this
linear relationship was only valid in a small particle size range. Beck et al. [283] experimentally studied the effect of
nanoparticle size (8–282 nm) on k of Al2O3/water or Al2O3/EG nanofluids. It was observed that Al2O3/water or Al2O3/EG
nanofluids with larger nanoparticles had higher k, and the k remained constant when the diameter increased to 50 nm,
which was consistent with the Maxwell equations. To further explore the effect of nanoparticle size on the knf, Ganesan
et al. [288] studied k of nanoclusters-based Fe3O4 nanofluids with a very large particle size (115–530 nm). Although the
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theoretical model predicated that k of Fe3O4 nanofluids increased by 5.3–12.6% with decreasing nanoparticle size, the
experimental results were contrary to this trend, which might be attributed to the kinetic growth of nanoclusters into
fractal like aggregates in the suspensions [407].

3.1.3.4. Nanoparticle shape effect. From the development of the kmodels, as can be seen that the shape of the nanoparticles
is another non-negligible factor affecting knf. Xie et al. [388] measured k of SiC/water nanofluid using the transient hot-
wire method. The results proposed that the nanofluid with spherical SiC particles had a remarkably lower k than that
contained cylindrical particles at the same volume fraction. This was the first time that experimental evidence of the
effect of particle shape on knf had been reported. After that, Murshed et al. [359] studied the k of TiO2/DI water with
spherical and rod nanoparticle shapes. Similarly, the k of TiO2/DI water with spherical nanoparticles was lower than
nanofluids containing the rod-shaped nanoparticles. Since the rod-shape nanoparticle renders a larger shape factor than
the spherical counterpart, it can be known from the Hamilton and Crosser model (Eq. (30)) that the fluid with spherical
particles has a smaller k than the other shapes. Besides cylindrical and spherical nanoparticles, Jeong et al. [408] also
studied nanoparticles with nearly rectangular shape. In their study, the nanofluids with nearly rectangular shaped ZnO
nanoparticles had a k that was 5.9% greater than that of a nanofluid with spherical nanoparticles. The authors attributed
this result to the fact that the approximately rectangular nanoparticles had a larger effective agglomeration radius.
Ferrouillat et al. [409] conducted an experimental study on the suspension of SiO2 and ZnO nanoparticles with spherical
and banana-shaped nanoparticles. For both nanofluids, the non-spherical nanoparticle-contained nanofluid exhibited a
higher k than the spherical nanoparticle-contained nanofluid. The authors believed that the banana-type nanoparticles
had a larger surface area, which resulted in a larger contact area of the nanoparticles with the base fluid that contributed
to heat transfer.

In addition to the above-mentioned two shapes, Timofeeva et al. [410] studied alumina nanofluid containing four
shapes, i.e., platelets, blades, cylinders and bricks. The ability of the four shapes to enhance k ranking from high to low is:
cylinders > bricks > blades ≈ platelets. This is because the decrease of the sphericity leads to the increase of the particle
shape factor and the surface area, which has a positive influence on heat transfer. Here, the sphericity represented the ratio
of the surface area of the spheres with the same volume as the particles to the surface area of the particles. Notice that
the surface thermal resistance also increased at the same time. When the sphericity was less than 0.6, the surface effect
would have a negative effect on k. Bhanushali et al. [411] compared the k values among different nanoparticle shapes:
long nanowires, short nanowires, nanospheres and nanocubes. The results indicated that nanowire particles with a volume
fraction of 0.25% increased kbf by 40%, while nanosphere particles only increased kbf by 9.3%. The authors pointed out that
nanowire-shape particles had large aspect ratios, which reduced the adverse effects of interfacial thermal resistance on
heat transfer. A large aspect ratio can excite thermal penetration, which also enhances knf. Similarly, Ghosh et al. [412]
reported in their study that nanoparticles with large aspect ratios could increase the heat transfer rate and improve the
knf during the nanoparticle collision. These experimental results verify that the influence of particle shape on knf is not
negligible. Michaelides [265] has shown analytically why the shape and orientation of nanopartilces in the nanofluid
would have a significant effect on knf.

3.1.3.5. Nanoparticles aggregation effect. Theoretical and experimental studies have illustrated that the aggregation of
nanoparticles can significantly increase knf. When the aggregation of nanoparticles occurs, an effective heat transfer path
is formed, which will greatly promote knf [413].

Based on Maxwell effective medium theory [287], Hong et al. [296] studied the effect of nanoparticle aggregation on
knf. The experiments confirmed that k of Al2O3/DI water nanofluids increased with the increasing degree of aggregation,
and the nanofluids with a volume fraction of 5% achieved a maximum k enhancement of 22%, which was much lower
than the Maxwell upper limit. The degree of aggregation was quantified by measuring µnf. Pang et al. [297] also reported
a new model for predicting knf based on the effective medium theory. Aggregation is consistently believed to make some
non-negligible contributions to the enhancement of knf, especially at low concentrations. They compared the keff with
different shapes of SiO2/methanol aggregates at a concentration of 0.1%, including fiber, ellipsoid and spherical shapes.
It was illustrated that for ellipsoid and fiber shapes, the greater the sphericity of the aggregation, the greater the keff.
Moreover, the fiber shape had a greater enhancement of knf than the ellipsoid shape.

In addition, based on aggregation kinetics of the colloids, Prasher et al. [407] argued that knf first increased and then
decreased with increasing volume fraction of aggregation, and reaches a maximum when the volume fraction is 0.35.
Feng et al. [282] proposed a model for predicting the k of Al2O3/EG nanofluids with volume fractions of 0.03, 0.05 and
0.07 respectively, which considers the nanolayer and the aggregation of nanoparticles. The results indicated that the
aggregation of the nanoparticles increases with decreases in nanoparticle size at the same volume fraction, and the
larger the volume fraction of the nanoparticles, the more the nanoparticles aggregate. In order to further understand
the influence of aggregation on the thermal properties of nanofluids, Wei et al. [300] proposed a fractal model which
considers both the aggregate distribution and Brownian motion of nanoparticles. This model is in good agreement
with the experimental data for k of SiO2/ethanol nanofluids [275], Al2Cu/water-EG nanofluids [414] and TiO2/water
nanofluids [359]. It was found that when the empirical shape factor F < 6, the shape of the aggregation is close to a
circle, and the knf gradually decreases with increasing volume fraction. When the F > 6, the shape of the aggregation
appears as a chain, so the knf increases with volume fraction much faster. F is the empirical shape factor related to the
fractal dimension and volume fraction of the nanoparticles. Since the fractal dimension might be affected by the shape of
aggregation, more experiments are needed for further analysis.
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3.1.3.6. Effect of pH. Experimental studies have confirmed that modulating the pH values of the nanofluids can remarkably
change the degree of nanoparticle aggregation, thereby affecting knf. Under a certain pH value, the nanoparticles and the
base fluid reach a balance between the positive and negative ions, which is called the isoelectric point (IEP). Several
scholars have carried out experiments in this area. Wang et al. [415] studied the dependence of knf on the pH value
of Al2O3/water nanofluids and Cu/water nanofluids at a concentration of 0.1%. It was found that knf increases with the
increasing pH value until it reaches the IEP and then decreases. The Al2O3/water nanofluids and the Cu/water nanofluids
had an IEP of 7.5–8 and 9–9.5, respectively. The reason for this phenomenon is that the charge on the surface of the
nanoparticles increases the IEP, resulting in an increase of the electrostatic repulsion force between the nanoparticles. The
ensuing decreasing aggregation of the suspension and the increasing mobility of the nanoparticles lead to enhanced heat
transfer of the nanofluids. Li et al. [416] proposed that surface charge provides a more efficient channel for heat transfer.
They reported that the knf of CuO/DI water nanofluids increases with the increasing pH value in the 3–9.5 range. When
the pH value is near the IEP of the CuO particles (∼8.5–9.5), more surface charge is attached onto the nanoparticles, which
results in a more stable suspension and finally an optimum knf is reached. At a higher pH value, electrostatic repulsion
between the nanoparticles is reduced and aggregation occurs, leading to a decrease in knf. Krishnakumar et al. [417]
studied the change of k of Al2O3/ethanol nanofluids in the pH value range of 2.5 to 11. They observed the same trend in
knf as in Ref. [416], which suggests that the knf increases to the maximum then decreases with increasing pH value. Under
the optimum pH, ≈ 6.0, k of the Al2O3/ethanol nanofluids with 0.1 vol% and 0.5 vol% is increased by 11.2% and 15.5%,
respectively. Habibzadeh et al. [418] studied the effect of pH on k of SnO2/DI water nanofluids, and pointed out that with
a pH value of 8.0, the SnO2 nanoparticles have zero repulsive force. The suspension is stable enough, and knf reaches the
maximum. Therefore, it is safe to conclude that under strong acidic or strong basic conditions, knf is lower.

However, Murshed et al. [419] reported that as the pH increased from 3.4 to 9, the enhancement of k for TiO2/DI water
nanofluids at a concentration of 0.2% decreased from 5.5% to 2.55%, indicating that when the pH is close to the IEP, the
suspension became unstable and the nanoparticle aggregation results in a decrease of the keff, which can be explained by
DLVO theory [420]. Xie et al. [421] experimentally studied the effect of pH on k of Al2O3/DI water nanofluids. The results
imply that as the difference between the pH values of the suspension and that of the IEP (∼9.2) increases, knf becomes
larger, while the k at the IEP is the smallest. The underlying mechanism is the repulsive force at the IEP is zero, and the
resulting nanoparticle aggregation leads to a decrease in knf.

3.1.3.7. Sonication time effect. Ultrasonic dispersion is a common technique used in nanofluid preparation. Previous
studies have illustrated that it is critical to perform adequate sonication of the sample to further increase knf [347,378,422–
428]. Hong et al. [378] used the transient hot wire method to measure k of Fe/EG nanofluids for different sonication times.
The results indicate that when the sonication time is less than 50 min, knf increases with time. When the time reaches
70 min, knf does not continue to increase with increasing sonication time.

Other researchers [422,423] studied the effect of sonication on k of CNT/water nanofluids. They observed an enhance-
ment of knf as the sonication time increases, due to the improvement of dispersion uniformity. When the optimum
sonication time (40 min) is exceeded, knf is reduced because the CNTs are broken and the aspect ratio is decreased. Kole
and Dey [424] claimed the same trends in the study of ZnO/EG nanofluids. Specifically, at the optimum sonication time,
knf can be increased from approximately 0.30 W/m K to 0.35 W/m K. Sonawane et al. [425] confirmed that sonication
enhanced the Brownian motion of the nanoparticles in TiO2/water, EG and paraffin oil nanofluids based on the improved
interaction between the nanoparticles and the fluid. However, excessive sonication made the distance between the
nanoparticles too close to aggregate, which led to the decrease in knf. Sundar et al. [426] attributed the increase of the knf
to the prolonged sonication time which improved the nanoparticle uniformity and blocked nanoparticle sedimentation
caused by sonication vibration. Buonomo et al. [347] studied the effect of sonication time on the k of Al2O3/water
nanofluids by the nanoflash method for the first time. The results demonstrated that for different concentrations of
nanofluids, knf varies greatly with increase in sonication time, but remains unchanged above the optimum time. Nemade
et al. [427] achieved 18% enhancement in k of CuO/water nanofluids by selecting the appropriate sonication time during
preparation. The study reported that the nanoparticle size depends strongly on the sonication time, and thus knf was
influenced by the sonication.

In addition to the above conclusions, Asadi et al. [428] studied the effect of sonication time on surfactant-added
Mg(OH)2 nanofluids. In marked contrast to the above-mentioned surfactant-free nanofluids, k of surfactant-added
Mg(OH)2 nanofluids decreases immediately as the sonication time increases. This was because the sonication destroys
the good stability of the surfactant in the nanofluids. In summary, the effect of sonication time on knf concentrates on its
uniformity, stability, nanoparticle size and the interaction between nanoparticles and fluid molecules. A comprehensive
review of the effect of sonication time on thermophysical properties of nanofluids has been done by Asadi et al. [428].

3.1.4. Hybrid nanofluids
There have been many studies on nanofluids containing only one type of nanoparticle, and many researchers have

discovered and reported various thermophysical properties and important conclusions of such colloidal suspensions very
well. However, research on nanofluids containing at least two types or more (hybrid nanofluids) is still in progress. In
this section, our main purpose is to summarize and record the progress in the k of hybrid nanofluid (khnf) from both the
theoretical and experimental point of views. Theoretically, a classical model that is suitable for hybrid nanofluids will be
introduced. In experimental studies, the effects of various key factors on khnf are explored, such as nanoparticle type, size,
shape and temperature.
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3.1.4.1. Theory. Hybrid nanofluids are obtained by adding two or more different nanoparticles to the base fluids in order
to increase knf, which generally renders higher k than observed in pure fluids or in single particle nanofluids. As to the
theoretical studies, Takabi et al. [429] reported an improved Maxwell model to predict khnf:

khnf
kbf

=

Φp1kp1+Φp2kp2
Φe

+ 2kbf + 2
(
Φp1kp1 + Φp2kp2

)
− 2Φekbf

Φp1kp1+Φp2kp2
Φe

+ 2kbf − 2
(
Φp1kp1 + Φp2kp2

)
+ Φekbf

(64)

where khnf is the keff of the hybrid nanofluid, kbf is the k of the base fluid, kp denotes the k of the nanoparticles, Φe and Φp
are the volume concentration of the hybrid nanofluids and nanoparticles, respectively. The comparison of this model with
the experimental data was reported by Suresh et al. [430], who believe that k of Al2O3–Cu/water hybrid nanofluids cannot
be accurately calculated using the improved Maxwell model, especially for hybrid nanofluids with high concentration.

Charab et al. [431] developed the extended Maxwell model (EMM) to predict the khnf. The EMM can be expressed as:
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(
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Vnf1 + Vnf2

)
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where Vnf is the nanofluid volume and ΦFVC is the fractional volume concentration. The theoretical prediction differed
greatly from the experimental results, and thus the particle mapping model (PMM) was proposed. This approach assumed
that the heat transfer in the hybrid nanofluids was in series or in parallel, and khnf was calculated based on Fourier’s law
by using 2-D simulation. The results exhibited that the enhanced knf system was nonlinearly related to the volume fraction
of the nanoparticles, probably caused by the stability of the nanoparticles and Brownian motion.

Based on the above studies, it is concluded that khnf can be significantly boosted compared with conventional fluids
or nanofluids, and the boost is not linear with the concentration of different nanoparticles. Currently, more predictions
about khnf are based on the correlations obtained from experimental data. Many researchers use artificial neural network
(ANN) to study khnf, which can be expressed as a function of temperature, nanoparticle size and volume fraction
[432–434]. However, theoretical models for the hybrid nanofluids still fail to achieve accurate prediction of khnf, and
thus more improved models for the hybrid nanofluids need to be developed to meet practical requirements.

3.1.4.2. Experimental studies. A considerable number of experimental studies have confirmed that hybrid fluids have a
significant enhancement effect compared to one-substance fluids, on khnf. It is obvious that the nanoparticle’s type has an
important influence on khnf. Botha et al. [435] measured k of Ag–SiO2/oil hybrid nanofluids using the transient hot wire
method and observed a 15% enhancement in khnf. The improvement of khnf is regarded as a result of the attachment of
Ag nanoparticles onto the SiO2, which causes shorter phonon transport distances between the nanoparticles. The study
of Nine et al. [436] experimentally corroborated that Cu–Cu2O nanofluids rendered a higher k than the Cu2O nanofluids,
which is related to the smaller size of the Cu–Cu2O nanoparticles that enhance the collision between nanoparticles during
Brownian motion. Aravind et al. [437] observed that a 10.5% enhancement in khnf occurs for graphene–MWCNTs hybrid
nanofluids. Since MWCNTs possess a high aspect ratio, they can be tightly bound to graphene to reduce the interfacial
resistance, and thus this hybrid nanofluid has a higher k than pure graphene nanofluids. Batmunkh et al. [438] proved that
k of Ag–TiO2 hybrid nanofluids is increased from 0.608 W/m K to 0.616 W/m K at RT after the addition of Ag nanoparticles.
They concluded that both the relatively higher k of Ag nanoparticles themselves and the improved Ag/TiO2 interface
promote phonon conduction and thus increase the knf. Ho et al. [439] measured n-eicosane water-based fluid with Al2O3
nanoparticle addition. The results show that khnf is improved, because Al2O3 had a significantly higher k than n-eicosane
particles. Madhesh et al. [440] found that when the concentration of Cu–TiO2 nanoparticles in fluid was approximately
2%, kbf is increased by 6%. They attributed this phenomenon to the configuration of Cu nanoparticles on the surface of
Al2O3 nanoparticles, which facilitates the formation of a thermal interfacial network between the nanoparticles and the
fluid, thereby promoting heat transfer.

However, there are also cases where khnf is lower than that of the base fluid. Jana et al. [398] studied CNT–Cu and
CNT–Au hybrid nanofluids and the fluids with three components. The results indicate that the collaboration of Au and
Cu nanoparticles with CNTs is not good, as expected, leading to excessive interfacial thermal resistance and obvious
agglomeration, which causes khnf to not experience the expected enhancement. Baghbanzadeh et al. [441] compared k
of the MWCNT fluids, spherical SiO2 fluids and the MWCNT–SiO2 hybrid fluids. Interestingly, their results demonstrate
that khnf was between the two pure component fluids. They also pointed out that since the MWCNTs themselves have a
large aspect ratio and a high k, the enhancement effect on kbf is most pronounced. In the hybrid nanofluid, the mixing
of SiO2 and MWCNTs produced additional thermal resistance and thus the enhancement is weaker than MWCNTs but
stronger than SiO2 due to the lower k of SiO2 than MWCNTs. Obviously, whether the hybrid nanofluids can render higher
k or not is somewhat controversial. It seems that the specific nanoparticle constitution or namely the interfacial thermal
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transport between the nanoparticles and the nanoparticle/fluid greatly affects the k of the resultant hybrid nanofluids. It
is expected that future work on distinguishing the microscopic thermal transport behaviors in hybrid nanofluids would
unravel this mystery.

Another important issue from experimental studies is what the key factors are and how they influence the khnf.
Over the past decade, the concentration, size and shape of the nanoparticles and the temperature have been found to
be the essential factors. Baghbanzadeh et al. [441] hold the point that the increased concentration of nanoparticles in
the fluid contribute to the formation of a network which could enhance khnf and experimentally found the effective
khnf is slightly boosted from 1.05 W/m K to 1.13 W/m K when the mass concentration changes from 0.1% to 1%. Baby
and Sundara [442] confirmed the k of CuO decorated graphene/DI water hybrid nanofluids is improved by 28% if the
concentration is boosted from 0.01% to 0.07%. Similarly, they ascribed this k boost to the enhanced percolation effect due
to the increase in concentration. The percolation considerably reduces the distance between nanoparticles and promotes
the contact between them, and thus enhances the lattice vibrations which increases k. Yarmand et al. [394] also gave
experimental evidence which supported this view. Their study demonstrated that k of Ag-graphene/water nanofluids is
positively linearly dependent on the addition concentration.

Some scientists have believed external factors, especially the temperature is a key factor influencing khnf. Sundar
et al. [443] corroborated that k of MWCNT–Fe3O4/water nanofluids increased relative to the base fluid from 13.88% at
20 ◦C to 28.46% at 60 ◦C. They attribute this increase to the enhancement of Brownian motion. Harandi et al. [397]
demonstrated that the k of functionalized MWCNT–Fe3O4/EG hybrid nanofluids increases with a rise of temperature, and
they believe the enhanced interaction between the nanoparticles is the main reason. Esfahani et al. [444] also verified the
improvement effect of k by studying ZnO–Ag (2 vol%)/water hybrid nanofluids with a temperature rise. They corroborated
that khnf increases from 0.663 W/m K at 25 ◦C to 0.788 W/m K at 50 ◦C, which is also explained by enhanced Brownian
motion.

Compared with the above-mentioned two dominant factors, the size and shape of the nanoparticles are subordinate
factors that still influence khnf. Nine et al. [445] observed that cylindrical shaped nanoparticles in hybrid fluids have a
slightly stronger enhancement effect on kbf than the spherical nanoparticles at the time additional concentration level of
4 wt%. This is ascribed to the cylinder shape that typically have a larger aspect ratio, a favorable factor for the k boost. The
study of Baghbanzadeh et al. [441] experimentally verified that if the nanoparticle size is larger, it is easy to form larger
clusters with reduced specific area, which weakens the enhancement of knf. It can be seen from the above reports that
the influence of various factors on the hybrid fluid is basically consistent with the influence on the common single-phase
fluid. Table 2 summarizes the experimental data from research into the enhancement of knf, corresponding to different
types of nanoparticles and base fluids, volume concentration, particle size, and measurement methods.

3.1.5. Molecular dynamic (MD) simulations
In general, most of the studies on knf are based on the experimental and theoretical results mentioned above, but

some researchers have also studied the knf by means of MD simulation. Even though MD simulation is considerably
difficult and requires much more computational time for the study on nanofluids, it is a good tool to study the behavior
of thermal systems at small scales (atom and molecules level). Lu and Fan [446] proposed that k of Al2O3/water and
Al2O3/EG nanofluids can be effectively analyzed by simplified MD simulation. How to choose the potential energy models
between nanoparticles was the main target of the simplified MD simulation process, such as two-particles and multi-
particle model [447,448]. Since some parameters in the multi-particles potential model are usually undetermined and
computationally complex, the two-particle potential model is mainly used for MD simulation for nanofluids. Typically, the
simulation results are in good agreement with experimental data, which proves they are reliable. In addition, simulation
results reported that k of Al2O3/water and Al2O3/EG nanofluids increases significantly with an increase in the volume
fraction of nanoparticles, and decreases with increasing nanoparticle size. Since the heat transfer orients mainly from
the surface of the nanoparticles, which possess much larger surface area to volume ratios, knf increases. By using MD
simulation, Rudyak et al. [449] studied the effect of the ratio of mass (m) and diameter (r) of different dispersed
nanoparticles on the keff of nanofluids. They used the molecular models in base fluids and nanoparticles which are
established by hard sphere systems of different diameters. It was demonstrated that keff of nanofluids always exceeds
kbf due to the presence of the nanoparticles, and the enhancement in k depends on the volume concentration, size and
mass of the nanoparticles. In particular, the effect of mass will be more significant than that of nanoparticle size, which
reveals that the ρ of the nanoparticles is also a key factor for knf.

Achhal and Jabraoui et al. [450] studied the dependence of k for Cu/Ar nanofluids on nanoparticle size and temperature
by EMD simulation using the on Green–Kubo function. The interaction between Ar atoms was described by the well-
known Lennard-Jones (L-J) potential, and the interaction between Cu atoms was described by the embedded atom
method (EAM) potential. In their simulation process, a box consisting of Ar atoms arranged in a face-centered cubic (fcc)
configuration was used as a model for nanofluids, and Cu atoms were used to replace the Ar atoms in the center of the
box. The boundary conditions were set to be periodic boundaries, allowing the sample to relax under T = 300 K using the
NVT ensemble for a period to ensure the presence of the fluid phase. The simulation results indicated that the relative
enhancement of k increases from 0.19% to 7.66% with increasing volume fraction of nanoparticles, owing to the fact that
more nanoparticles inhibit the condensation of the fluid around the nanoparticles. Another study by Javanmardi and
Jafarpur [451] who also used the EDM method, found a nonlinear dependence of keff for SWCNT/water nanofluids on the
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nanoparticle volume fraction. For their study, the SWCNTs were armchair with chiral vector (12, 0) and the interactions
between the liquid water, SWCNTs, water and carbon were described by a TIP4P potential, Brenner’s potential and L-J
potential, respectively.

Mohebbi [452] developed a new EDM-NEDM combined simulation method to predict cp and α of argon-based
nanofluids respectively, where the boundary condition was set to a non-periodic boundary. The knf was further obtained
by the well-known relation, k = αρcp. It was found that the k enhancements were 15% and 50% at 140 K and 107 K,
respectively. It is clearly seen that the enhancement of knf was much more at low temperatures. Sankar et al. [453] also
studied the temperature dependence of k for Pt/water nanofluids using the EMD method in which some water molecules
are exchanged by the same number of Pt nanoparticles and the simulation was carried out under the NVT ensemble. The
results revealed that knf enhances with temperature.

Keblinski et al. [454] first investigated the Brownian motion effect on heat transfer using the MD simulation in 2002.
They used a heat flux autocorrelation function obtained by two different simulations in the same system. In the first
simulation, the movements of all atoms were required to follow Newton’s equation of motion, whereas in another
simulation, the center of mass of all nanoparticles was fixed, so that the position of the nanoparticles was kept fixed all
the time. It turned out that there is no difference in heat flux autocorrelation function using the two different simulation
approaches. Since k is obtained by integrating the heat flux autocorrelation function, it was concluded that the Brownian
motion does not affect knf. Meanwhile, Sun et al. [455] also demonstrated that the Brownian motion of nanoparticles has
little effect on the enhancement of knf. In addition, Cui et al. [456] explored the effect of chaotic movements on heat
transfer by applying different shear velocities (50 m/s and 0 m/s) to the nanoparticles and exploring the differences. They
found that the chaotic movements of the nanoparticles affected the heat transfer process. The underlying mechanism of
chaotic movements was mainly due to Brownian motion.

Besides the temperature and the volume fraction of nanoparticles, aggregation of nanoparticles is another important
factor affecting the value of knf [454]. Kang et al. [457] calculated k of Cu/Ar nanofluids using the EMD method based with
a Green–Kubo function. Unlike other MD simulations, in their study there were multiple nanoparticles in each simulated
box with periodic boundary conditions, whose purpose was to create opportunities for the aggregation of nanoparticles.
The results clearly show that aggregation of nanoparticles can effectively improve knf. Lee et al. [458] used the same
method to explore the effect of nanoparticles aggregation and came to the same conclusion, where knf was calculated
in two different states, i.e., aggregated state and non-aggregated state. It was approved that in the aggregation case, the
enhancement of knf is more pronounced, since more collisions happen in the system with more nanoparticles.

In addition, the influence of size [459], shape [459,460] and surrounding nanolayers [461] of nanoparticles have been
investigated by researchers. Cui et al. [459] studied the effect of nanoparticle shape on thermal conductivity of nanofluids.
They demonstrated that when the surface area to volume ratio for nanoparticles is larger, the rate of k enhancement is
more. Liang and Tsai [461] showed that the increase in ρ of nanolayers will have a positive impact on knf. Despite extensive
research on the enhancement of knf using the MD method, the understanding of the effects of various factors on knf is still
incomplete. On the experimental side, it has been proven that the pH value of the nanofluid is another important factor,
but there is no research on the influence of pH values by MD simulation. Therefore, we still need to pay more attention
to MD simulation of nanofluids and make greater breakthroughs in the future.

Based on the above discussions, we have depicted the k enhancement of nanofluid suspensions formed by some
common nanoparticles and base fluids in Fig. 18, wherein the nanoparticles comprise metal oxides: Al2O3 [283,313,
348,350,351,355], and TiO2 [281,314,349,355,357], and CuO [346,361–363], and ZnO [349,365], metals: Ag [376] and
Fe [377], a non-metal oxide: SiO2 [462,463], and advanced carbon nanomaterials: graphene oxide (GON) [464,465],
graphene [387,466,467], CNT [363,386,468] and functionalized CNTs [469,470]. It is clearly seen from the figure that k
of some carbon nanomaterials (CNT and graphene) based nanofluids exhibits a remarkably high boost compared to other
metal- and metal oxide-based nanofluids.

3.2. Isobaric specific heat capacity

The isobaric specific heat capacity cp is one of the important parameters describing the thermal properties of nanofluids.
It is worth noting that most of the research on nanofluids is focused on the k, while the research on cp,nf only accounts
for about 5% of studies [471]. Since 2008, researchers have begun to pay more attention to the study of cp. In most cases,
when nanoparticles are mixed with a liquid such as water, the effective isobaric specific heat capacity of the prepared
nanofluid is reduced because the ratio of cp of the nanoparticles to the base fluid is less than one. In this section, we will
focus on cp,nf from both theoretical and experimental points of view, which includes the theoretical formula developed
to predict cp,nf and the classical experimental measurement technique, i.e., DSC. Finally, the theoretical calculations are
compared with the experimental measurements, and their characteristics and advantages are also analyzed.

3.2.1. Theory
Pak et al. [472] first proposed a theoretical formula for predicting the cp,nf based on mixture rule:

cp,nf =
(
1 − Φp

)
cp,bf + Φpcp,p (68)
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Fig. 18. Schematic diagram for the dependence of the thermal conductivity of nanofluids on volume concentration in various studies.

where cp,nf, cp,bf and cp,p denote the effective isobaric specific heat capacity of the nanofluids, the base fluid and the
nanoparticles, respectively, and Φp represents the volume fraction of the nanoparticles. This formula is only applicable to
diluted suspensions, where the nanoparticle density is not much different from that of the base fluid. For nanoparticles
with a large volume fraction, this formula would render a noticeable error. Xuan et al. [473] reported an improved cp
model, which assumes that the nanoparticles and the base fluid are in thermal equilibrium [474]:

cp,nf =

(
1 − Φp

)
ρfcp,bf + Φpρpcp,p(

1 − Φp
)
ρbf + Φpρp

(69)

where ρbf and ρp denote the density of the base fluid and the nanoparticles, respectively. This equation has been widely
quoted by many researchers and its reliability had been proven through experimental studies [348,475–477].

Sekhar et al. [478] developed a regression equation to predict cp,nf at any concentration by eighty-one sets of
experimental data on water-based Al2O3, CuO, SiO2 and TiO2 nanofluids:

cp,nf = 0.8429
(
1 +

Tnf
50

)−0.3037 (
1 +

rp
50

)0.4167 (
1 +

Φp

100

)2.272

(70)

where Tnf denotes the temperature range of the nanofluids (20–50 ◦C), rp denotes the nanoparticles diameter (15–50 nm),
and Φp denotes the volume fraction (0.01%–4%). The comparison between the calculated values and the experimental
data indicates an average absolute deviations (AAD) of 8%–10%, which validates the reliability of Eq. (70). However, more
experiments on a wide range of temperatures, particle sizes and volume fractions still need to be carried out. Vajjha
et al. [479] proposed a correlation to predict cp,nf:

cp,nf

cp,bf
=

A (Tnf/T0) + B
(
cp,p/cp,bf

)
C + Φp

(71)

Here, cp,nf can be expressed as a function of temperature, nanoparticle volume fraction, nanoparticle isobaric specific heat
capacity and the base fluid isobaric specific heat capacity. A, B and C are constants determined from experiments. The
AAD of the experimental data were 0.5%–1.9% for the SiO2, Al2O3 and CuO nanofluids with the same 2 vol% nanoparticle
concentration, agreeing very well with Eq. (71). Then Cabaleiro et al. [480] reported a new correlation equation:

cp,bf (T ) − cp,nf (T )

cp,bf (T )
=

Φp + A cp,p(T )

cp,bf(T )

B + Φp
(72)

which is consistent with the experimental cp results for five metal oxide nanofluids at high concentrations (AAD =

0.37–0.46%).

3.2.2. Experimental measurement techniques
The most classical experimental approach for studying the cp of nanofluids is the DSC method. This technique involves

the measurements of the amount of heat that is required to deliver to the sample and reference (with the well-defined
heat capacity) to increase its’ temperature. On the basis of those the heat capacity is calculated. Zhou and Ni [481] used this
method to measure cp of Al2O3/water nanofluids by analyzing the relation between the heat flow rate and the temperature
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rise of the sample. It was reported that cp is about 2.75 J/g K at a nanoparticle concentration of 15%, which is 1 J/g K lower
than the nanofluid with a concentration of 10%. This result is consistent with the model proposed by Buongiorno [482].
Shin and Banerjee [483] measured cp of SiO2/melted carbonate crystal nanofluids at high temperatures (>400 ◦C) using
DSC. They observed a 25% increase in cp,bf after the addition of SiO2 nanoparticles which have high specific surface energy.
They also measured the cp of Al2O3/alkali salt nanofluids in the same way [484]. After adding Al2O3 nanoparticles, cp,bf is
increased by 32%, which is believed to be associated with the formation of nanochain structures. Kumaresan et al. [485]
used about 20 mg of CNT/water-EG nanofluids sample to measure cp in the temperature range from −50 ◦C to 50 ◦C using
the DSC method. When the concentration is 0.15% at RT, the measured cp was 3.9 J/g K indicating the existing model still
needed further improvement. Ho et al. [486] studied the change of cp for Al2O3/molten Hitec salt nanofluids at different
concentrations. The maximum enhancement of cp (∼19.9%) occurs at a concentration of 0.063 wt%. Experimental studies
by Raud et al. [487] on water-based metal oxides nanofluids further demonstrated the reliability of the DSC approach for
cp measurements. It was reported that cp decreases as nanoparticle concentration increases.

Modulated temperature differential scanning calorimetry (MTDSC) is the advanced version of the traditional DSC
method. It can provide higher sensitivity and resolution, which ensures the direct measurement of cp by using modulated
(usually sinusoidal) heating signals [488]. Robertis et al. [489] performed cp measurements of Cu/EG nanofluids using this
method, and reported a cp value of 2.3 J/g K at RT. Cabaleiro et al. [480] measured cp of MgO/EG, ZnO/EG and ZrO2/EG
nanofluids at various concentrations up to 15%. They found that under the same conditions, the cp enhancement effect of
ZnO and ZrO2 on the base fluid is similar (∼30%). MTDSC was also used to examine the cp of the nanofluids containing
few nanometer sized nanodiamonds by Żyła et al. [490]. They measured EG based nanofluids with the mass concentration
up to 10%, and two different purity nanodiamonds (87% and 97%) were adopted. They concluded that Xuan et al. model
(Eq. (69)) could be applied to predict cp of those nanofluids.

In addition to the above two methods, Murshed [491] used a transient double hot-wire technique to measure cp of
metal oxide particles (TiO2, Al2O3) in deionized water, glycol and other base fluids. This new method is based on relatively
simple equipment but has high precision with a measurement error within 2.77%. The results indicate that the effective
cp decreases significantly with increasing nanoparticle concentration. Based on the transient plane heat source method,
Satti et al. [492] developed a novel thermal property analyzer to measure cp for five kinds of metal oxide particles (Al2O3,
ZnO, CuO, TiO2, SiO2)/propylene glycol nanofluids. All the experimental results for the five kinds of nanofluids suggest
that the nanoparticle size has no effect on cp, and the underlying mechanism still needs to explored.

3.2.3. Experiments vs. theory
Many literature reports have compared theoretical predictions with experimental data. Zhou and Ni [481] studied the

cp of Al2O3/water nanofluid using DSC and compared it with theoretical formula (Eqs. (68) and (69)). It was found that
cp,nf decreased with an increasing volume fraction of the nanoparticles. The experimental data were very consistent with
Eq. (69), but deviated significantly from the predictions of Eq. (68), whose results are larger than the experimental data.
The results also corroborated the rationality of the prediction of Eq. (69). Barbés et al. [474] experimentally reported cp of
Al2O3/water and Al2O3/ethanol nanofluids as a function of volume fraction at 303.1 K and 330.4 K. The results indicate that
cp decreases with the increasing nanoparticle volume fraction, which agrees well with theoretical predictions of Eq. (69).
Hanley et al. [493] studied cp of SiO2/water, Al2O3/water and CuO/water nanofluids with a volume fraction between 5 wt%
and 50 wt%. They showed that Eq. (68) could accurately predict cp,nf, while Eq. (69) failed to do so. They also found that
with the increasing volume fraction of nanoparticles, the difference between the prediction results from Eqs. (68) and
(69) becomes greater. Eq. (70) revealed that cp was a function of the temperature, nanoparticle size and volume fraction.
The theoretical values were in good agreement with the experimental data from different literature reports [389,494] and
the AAD was 10∼−8%, which validated the reliability of Eq. (70).

Vajjha et al. [479] measured cp of Al2O3, SiO2 and ZnO nanofluids with a volume fraction of 2%, and obtained the
correlation Eq. (71), where the AAD of the experimental data was 0.5%∼1.9%. Cabaleiro et al. [480] proposed a new model,
Eq. (72), to correlate the cp with the temperature as well as the volume fraction of the nanoparticles. The cp of MgO/EG,
ZnO/EG and ZrO2/EG nanofluids, ZnO/EG-water and ZrO2 EG-water mixture nanofluids were measured, with mass fraction
up to 15%. The results indicate that the theoretical prediction and experiment data were in good agreement and the ADD
was only 0.37∼0.46%.

By collating and comparing the data on cp,nf measurements from different literature, it can be clearly seen from the
comparison results that cp of conventional metal oxide-based [491,493] and non-metal oxide-based [493] nanofluids de-
creases as the loading of nanoparticles increases. This trend is quite different from the observed with CNTs/water [443,495]
or graphene/water [496,497] nanofluids. For all CNT-loaded nanofluids, there is no obvious variation in cp with an increase
of CNT volume fraction, although graphene-loaded nanofluids show a slight downward trend (see Fig. 19). This difference
is mainly ascribed to the fact that the cp of conventional nanoparticles is much smaller (approximately one-tenth) than
that of the base fluid, which is that of the base fluid, and CNTs and graphene exhibit higher cp values than conventional
nanoparticles. Hence, the cp of CNTs and graphene-loaded nanofluids does not exhibit a significant decrease with the
increasing nanoparticle loading.
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Fig. 19. A schematic diagram for the dependence of specific heat capacity on the volume fraction of nanoparticles in various studies, wherein the
nanoparticles are dispersed in water.
Source: See Refs. [443,491,493,495–497].

3.3. Density

Throughout the research field of thermophysical properties of nanofluids, knf and µnf are the most studied thermo-
physical properties in the literature. Due to the wide application prospects of nanofluids, researchers are also interested
in other thermophysical properties such as density of nanofluids (ρnf) and cp. Although the study of ρnf is limited, we still
summarize the existing research work, including theoretical modeling, experimental measurement techniques and some
important results.

3.3.1. Theory
Density is one of the most basic physical properties of nanofluids, but theoretical research is limited. The most

commonly used density model in current research is based on the physical rules that two substances follow when are
mixed [263,498]:

ρnf =

(m
V

)
nf

=
mbf + mp

Vbf + Vp
=

ρbfVbf + ρpVp

Vbf + Vp
=
(
1 − Φp

)
ρbf + Φpρp (73)

where Φp =
Vp

Vbf+Vp
denotes the volume fraction of nanoparticles. This linear theoretical method for density and volume

fraction has been proven to be in good agreement with experimental results at RT [472,499]. Furthermore, in order to
reflect the relationship between density and temperature, Khanafer and Vafai [263] proposed an empirical model based
on experimental results by Ho et al. [499]. The model is shown as:

ρnf = 1001.064 + 2738.6191Φp − 0.2095T (74)

when Φp ranges from 0 to 4% and T is in the range of 5 ◦C to 40 ◦C, and the maximum relative error of the model is
0.22%.

The above model has been widely used in the calculation of ρnf [500–502], but Sharifpur et al. [503] found that
experimental results were appreciably lower than those predicted by the model. They attributed this phenomenon to
the fact that Eq. (73) ignores the effect of the gap between the nanoparticles and the base fluid, which is caused by
the nanolayer on the particle surface. Therefore, on the basis of the above models, the authors took the nanolayer into
consideration and developed the following model based on the experimental data:

ρnf, new =
mp + mbf

Vbf + Vp
(
rp + dnl

)3
/r3p

=
ρnf(

1 − Φp
)
+ Φp

(
rp + dnl

)3
/r3p

(75)

where rp denotes the average particle diameter and dnl denotes the nanolayer thickness, and the nanolayer is assumed
to be a pure void. Moreover, according to the experimental data for the nanofluids obtained by dispersing oxide particles
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(SiO2, MgO, CuO) in base fluids (water, glycerol, EG), the authors gave an approximate function relation between the
thickness and the average nanoparticle diameter as follows [503]:

dnl = −0.0002833 × rp2 + 0.0475 × rp − 0.1417 (76)

It can be seen from Eq. (76) that the effect of the thickness of the nanolayer (equal to the gap) is closely related to the
nanoparticle size. In their study, the model is in better agreement with the experimental results compared with the model
given by Eq. (73). A density model with a more comprehensive adaptive range and more accurate predictions still needs
further research.

3.3.2. Experimental measurement techniques
The density can directly affect the Re, friction coefficient, pressure loss and Nu during nanofluid flow and heat transfer

processes. For measurement of ρnf, we will pay attention to some articles reporting measurements of the ρnf. Generally,
the measurements of ρnf can be roughly divided into two methods. One is direct measurement by a density meter, and
the other is calculation by the mass and a known volume of the nanofluid. Vajjha et al. [504] measured the ρ of three
different nanofluids. An Anton-Paar digital density meter was chosen as the tool, and a circulating fluid temperature
bath was used to ensure that the nanofluids retained a set temperature. Typically, a density meter consists of a U-shaped
oscillating tube and a system comprising an electronic excitation device, a display device and a frequency counting device.
Usually the U-shaped tubes are produced with the glass which has numerous advantages: (i) it is transparent and allows
to check if inside the sample is air bubble, which may distort the results, (ii) it is chemically inert and easy to clean,
(iii) it exhibits beneficial temperature deformation coefficient and sensitivity due its low specific weight. The experimental
ρ values for Al2O3/EG-water and Sb2O5–SnO2/EG-water nanofluids show good agreement with the Pak and Cho equations
(Eq. (73)). For ZnO/EG-water nanofluids, the maximum deviation between the experimental results and the predicted
values of Eq. (73) is approximately 8%. In addition, Pastoriza-Gallego et al. [505] and Mariano et al. [506] also used this
type of density meter to measure ρ of different nanofluids, and the measured ρ values agreed within the range allowed
by the experimental error.

Pandey et al. [507] measured the thermophysical properties of nanofluids, where the ρ is calculated from the mass
and volume of the nanofluid. Kumaresan et al. [485] weighed 25 ml and 50 ml of MWCNT/DI water/EG nanofluids using a
high-precision electronic balance, and repeated measurements three times, taking the average to calculate the ρnf. Pantzali
et al. [508] also calculated ρ by weighing a known volume of nanofluid, with an estimated accuracy of about 5%.

3.3.3. Experiment vs. theory
Żyła et al. [16] experimentally measured the ρ of EG-based nanofluids containing various types of nitride nanoparticles,

such as AlN, Si3N4 and TiN. A DMA 500 densimeter based on the U-type oscillation technique was used for ρ measurement.
It was clearly shown that the ρ gradually decreases with an increase in the sample temperature, but increases with an
increase in the nanoparticle fraction in the nanofluid. The measurement results at RT were then compared with theoretical
predictions based on Eq. (73). The results clearly indicate that there is good agreement between the experimental
measurement and the theoretical model prediction. For the EG-based nanofluids containing various nitride nanoparticles,
the maximum AAD of ρ measurements at RT was less than 0.89%. In another study, Shoghl et al. [18] also proved the
relation between ρ and the above-mentioned concentration and temperature. They experimentally obtained the ρnf at
different concentrations and temperatures via a DMA-35N portable density meter. Compared with the mixed model
predictions, the experimental results corroborated that Eq. (73) can accurately predict the ρnf. Ho et al. [499] also explored
the dependence of ρ of Al2O3/water nanofluid on the volume fraction and temperature. It was found that the decline
trend of ρnf is no longer significant with increasing temperature, which is attributed to the fact that the ρ of Al2O3
nanoparticles is not sensitive to changes in temperature, although the temperature is elevated. What is interesting
is that the experimental data agrees very well with the data predicted by the mixing theory (Eq. (73)). In addition,
Michaelides [498] calculated the corrections on the k data, because of the different expansion coefficients of liquids and
nanoparticles and the variations of the ρ dues to temperature fluctuations. In summary, the above discussion and analysis
indicate that we cannot ignore the effects of temperature and various parameters on ρ, and most of the experimental
results have proved that the ρnf can be estimated very accurately using the classical mixed theory.

3.4. Viscosity

The estimation of dynamic viscosity (µ) of nanofluids is significant before its application in thermal systems due to
its direct effect on pressure drop, pumping power and friction coefficient [26,27]. Therefore, large number of studies
have been devoted to the experimental study of µnf and its dependence on various parameters, such as size, shape,
concentration of nanoparticle, aggregation of nanoparticle, and temperature [508–535]. Besides experimental works,
simulation approaches such as MD have also become popular for analyzing the effects of various parameters on µnf at
atomic and molecular levels. This section provides a summary of latest developments on µ of mono and hybrid nanofluids,
including the evolution of classical models and advanced models, experimental techniques and MD simulations.
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3.4.1. Classical models
The equation proposed by Einstein [509] is known as the most classical equation presented for mixtures. Most of the

other derivations are established on the evolution of Eq. (77).

3.4.1.1. Evolution of classical models. It is generally believed that the theoretical model related to µnf was first proposed
by Einstein [509]. The model is suitable for nanofluids having spherical nanoparticles and a volume fraction lower than
2%, it is written as:

µnf =
(
1 + 2.5Φp

)
µbf (77)

The above model does not take into account the interaction between nanoparticles, and thus is only suitable for fluids with
extremely low concentrations. Based on Eq. (77), Brinkman [510] presented a model for high-concentration nanofluids
as:

µnf =
µbf(

1 − Φp
)2.5 (78)

Eqs. (77) and (78) are both valid for spherical nanoparticles and do not take nanoparticle motion into account. Batche-
lor [511] proposed a new model which reflects the Brownian motion of the nanoparticles:

µnf =
(
1 + AΦp + KHΦp

2)µbf = µbf
(
1 + 2.5Φp + 6.2Φp

2) (79)

where KH is the Huggins coefficient which describes the direct effect of Brownian motion on viscosity due to nanoparticle
thermal motion and A is the coefficient from the Einstein dynamic viscosity model [509].

Saito considered the Brownian motion of spherical rigid particles, and developed a model to make it more adaptable
to very small nanoparticles which their Brownian motion is more pronounced [512]. The model is:

µnf =

(
1 +

1.25Φp

1 − Φp/0.87

)
µbf (80)

Graham [513] introduced cell theory to study the relation between the µ and the concentration when the spherical
nanoparticle concentration approached the maximum limit, it is expressed as:

µnf =
(
1 + 2.5Φp

)
µbf +

[
4.5(

2w/rp
)
·
(
1 + 2w/rp

)
·
(
1 + 2w/rp

)2
]

µbf (81)

where w denotes the minimum separate distance between the nanoparticles. The cell theory considers a nanoparticle in
the host liquid that is surrounded by other nanoparticles. In the case of infinite dilution, this model is consistent with
Eq. (77). Similarly, a model derived by Frankel and Acrivos [514] for nanofluids with evenly distributed nanoparticles at
a concentration close to the maximum is expressed as:

µnf =
9
8

[ (
Φp/Φp,max

)1/3
1 −

(
Φp/Φp,max

)1/3
]

µbf (82)

3.4.2. Advanced (recent) models
Einstein’s classical model is not enough accurate to predict µ of most nanofluids, so some advanced and more realistic

models have been proposed. Masoumi et al. [515] reported a new model for predicting µnf, which take into account the
Brownian motion of nanoparticles, and demonstrates the effect of fluid temperature as well as size and density of the
nanoparticles in the viscosity model. The developed model is:

µeff = µbf +
ρpvBFr2p
72aw

(83)

a = µ−1
bf

[(
c1rp + c2

)
Φp +

(
c3rp + c4

)]
(84)

where the µbf is the dynamic viscosity of the base fluid, the second term of Eq. (83) is the apparent dynamic viscosity,
both the Brownian motion velocity vBF and the correction factor a are functions of temperature, c1, c2, c3 and c4 are
empirical constants determined by experiments, ρp, rp and Φp represent the density, diameter and volume fraction of
the nanoparticles, respectively. And w is the distance between the nanoparticles. It was observed that the theoretical
predictions are in good agreement with the experimental results for CuO/water, CuO/EG, TiO2/EG, CuO/EG-water and
Al2O3/water nanofluids, and rendered a higher precision compared to other models [507,509,511].

Later, Hosseini et al. [516] proposed a dimensionless expression to predict the µnf:

µnf

µbf
= exp

[
a + c1

(
T
T0

)
+ c2

(
Φp
)
+ c3

(
rp

1 + dnl

)]
(85)

where a is the factor determined by the properties of the nanofluid, c1, c2 and c3 are constants from the experimental
data, T0 and T are the reference and real temperatures of the nanofluid, respectively, dnl is the thickness of the capping
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Table 3
Summary of theoretical models for the prediction of the dynamic viscosity of nanofluids (µnf).
Model Year Equation Features Ref.

Einstein 1906 µnf =
(
1 + 2.5Φp

)
µbf Spherical nanoparticles, extremely low

concentration
[509]

Saito 1950 µnf =

(
1 +

1.25Φp
1 − Φp/0.87

)
µbf Spherical rigid nanoparticles, Brownian

motion, small nanoparticles
[512]

Brinkman 1952 µnf =
µbf

(1 − Φp)2.5
Spherical nanoparticles,
high-concentration Continuous medium

[510]

Frankel and
Acrivos

1967 µnf =
9
8

[ (
Φp/Φmax

)1/3
1 −

(
Φp/Φmax

)1/3
]

µbf Evenly distributed nanoparticles,
maximum concentration limit

[514]

Batchelor 1977 µnf = µbf
(
1 + 2.5Φp + 6.2Φp2

)
Brownian motion [511]

Graham 1981 µnf =
(
1 + 2.5Φp

)
µbf

+

[
4.5

(2w/dp)·(2+2w/dp)·(1+2w/dp)
2

]
µbf

Maximum concentration limit [513]

Masoumi et al. 2009 µnf = µbf +
ρp

72a

(√
18kBT
πρPrp

)(
3

√
6Φp

π

)
Temperature, size and density of the
nanoparticles Brownian motion

[515]

Chevalier 2009
µnf

µbf
=

[
1 −

ς

ςm

( ra
r

)3−Df
]−2

Agglomerate size [517]

Hosseini 2010
µnf

µbf
=

exp
[
a + c1

(
T
T0

)
+ c2

(
Φp
)
+ c3

(
rp

1 + dnl

)] Capping layer (nanolayer) [516]

Chandrasekar 2010 µeff = 1 + m
(

Φp

1 − Φp

)n

Specific area, density and sphericity of
the nanoparticles

[348]

layer (nanolayer). This model is consistent with the experimental results for Al2O3/water nanofluids, indicating that the
dynamic viscosity of nanofluids varies nonlinearly with the volume fraction of nanoparticles.

Chevalier et al. [517] studied the µ of an aggregated suspension at high shear rates by fractal theory. The equation can
be expressed as:

µnf

µbf
=

[
1 −

ς

ςm

( ra
r

)3−Df
]−2

(86)

where ra is an average diameter of aggregates, ς is the crowding factor, and Df is the fractal dimension which depends on
the type of aggregation, the shape of the nanoparticles and the shear flow. For aggregated nanoparticles, Df is usually set
to be 1.8. This model agrees well with experimental results of the µnf with different volume fractions and nanoparticle
sizes.

Chandrasekar et al. [348] developed a theoretical model for predicting µ of Al2O3/water nanofluids:

µeff = 1 + m
(

Φp

1 − Φp

)n

(87)

where the constants m and n are calculated by least squares regression, m is affected by the composition and properties
of the fluid phase, and the specific area, density and sphericity of the nanoparticles. It was suggested that the theoretical
results are in good agreement with the experimental measurements of Al2O3/water nanofluids by Nguyen et al. [518].
The µ is linear with the nanofluid concentration at low concentrations, but when particle loading exceeds 2% in volume
fraction a non-linear behavior is observed, which is attributed to the interaction between the nanoparticles at high
concentrations.

The aforementioned models are mostly suitable to predict the viscosity of nanofluids containing metal oxide nanopar-
ticles at different temperatures and concentrations. There has been a lot of research work to achieve measurements of
µnf through experimental approaches. In the next section, the typical measurement techniques for dynamic viscosity of
nanofluids will be introduced in detail. Theoretical models for predicting the µnf are summarized in Table 3.

3.4.3. Experimental measurement techniques
Fig. 20 shows the most common approaches for measuring the viscosity of nanofluids. In this part we have a brief

introduction to the measurement principles and advantages of these approaches.
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Fig. 20. Schematic diagram of the most common measurement techniques for the viscosity of nanofluids. (a) capillary viscometer [519] (Reprinted
with permission from Elsevier), (b) concentric cylinder viscometer [520] and (c) cone and plate viscometer [520].

3.4.3.1. Capillary viscometer. Capillary viscometers (see Fig. 20a) have been widely used to measure µnf [519–526]. In brief,
when the nanofluid flows through a capillary with a circular cross section, the axial pressure drop in the capillary and the
volume rate of flow through the capillary driven by the pressure are measured, and the µ of the Newtonian nanofluid is
determined by Hagen–Poiseuille’s law. The ability to achieve relatively high shear rates is the most important advantage
of this technique. In addition, it has the advantages of a simple structure and a low price.

Using this technique, Yiamsawas et al. [519] measured µ of TiO2 and Al2O3 nanoparticles suspended in a mixture of
EG and water. First, the viscometer tube was immersed in a transparent constant temperature water bath, and then a
high-precision stopwatch was used to record the time at which the nanofluid flowed through the special position of the
viscometer, and the temperature was measured by a thermometer with an accuracy of 0.1 ◦C. To ensure the accuracy of
the measurements, each case with volume fractions of 1%, 2%, 3%, and 4% was repeated three times. It was concluded
that nanofluids are Newtonian and classic models fail to predict the experimental data with high precision. Chevalier
et al. [521] proposed the measurement of µnf by a capillary micro viscometers technique, which could also be used to
evaluate the local pressure drop in a microchannel. Meanwhile, Jarahnejad et al. [522] measured µ of Al2O3/water and
TiO2/water nanofluids in the temperature range of 20–50 ◦C and concentrations between 3 and 14.3% in mass using a
capillary viscometer. A thermostat bath setup was used to provide constant temperature during the measurement, and
all experiments were carried out under atmospheric pressure. They analyzed the uncertainty of the setup by averaging
the multiple measurement results of the samples, which exhibited good reliability with a maximum standard deviation
lower than 1%. Moreover, the capillary viscometer approach has also been adopted in some researchers’ work to explore
µnf [408,409,523–526], and all the experimental results mentioned above demonstrate that the viscometer shows good
reliability and accuracy.

3.4.3.2. Concentric cylinders. For rotational viscometers (concentric cylinder viscometers and cone and plate viscometers),
the most popular form is the Couette concentric cylinder viscometer (see Fig. 20b) [520]. During measurements, the
nanofluid is placed in a space between two coaxial cylinders, and the outer cylinder keeps rotating to drive the nanofluid
to rotate around the axis, while the inner cylinder is stationary. The µnf can be obtained by using the radius of the inner
and outer cylinders, the rotational speed ω and the torque per unit length of outer cylinder on the inner cylinder [527]. It is
worthy to note that this technique is generally applicable to Newtonian nanofluids. For non-Newtonian nanofluids, there
will be some deviation in the measurement results unless the space between the two cylinders is small enough [520].

To measure the dynamic viscosity of Ag/water-EG and graphene/water-EG nanofluids for volume concentrations of
0.01, 0.05, and 0.1%, Contreras et al. [527] used a rotational viscometer with concentric cylinders. They also compared
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the experimental results with µ values predicted by the correlations of Einstein and Brinkman (Eqs. (77) and (78)). It
was observed that for volume concentrations greater than 0.01, Einstein and Brinkman models the maximum deviation
reaches 8% and 12%, respectively. Minakov et al. [528] also measured µ of CuO/DI water nanofluids using a rotational
viscometer based on concentric cylinders, and demonstrated that the uncertainty of the measurement is approximately
1%. It was revealed that the viscosity of the nanofluids is strongly dependent on the shear rate. For Newtonian nanofluids,
when a small nanoparticle concentration is suspended (0.25 vol%), the µ coefficient is no longer dependent on the shear
rate.

3.4.3.3. Cone and plate approach. In general, a cone and plate viscometer is composed of a flat stationary plate and a
rotating plate (see Fig. 20c), and the nanofluid is placed in the gap between the two plates [520]. The angle of the gap is
usually very small (< 4◦), so that the edge effect can be ignored. The rotating plate keeps rotating at an angular velocity
of ω0, and the torque can be calculated. The µnf can be calculated from the ω0, the gap angle, the torque and the radius of
the cone [348]. Unlike the other two viscometers mentioned above, the difference between Newton and non-Newtonian
fluid measurement is not significant for the cone and plate viscometer, owing to the very small gap between the two
plates. Hence, the cone and plate viscometer is also widely used for non-Newtonian fluids [520]. To understand why the
cone-plate geometry could be used for the measurement of µ of non-Newtonian fluids, the definition of shear rate should
be kept in mind. It is defined as the relationship between the decreasing flow velocity with thickness of the sample in
laminar flow. In the cone-plate geometry, thickness of the sample is not constant, it changes from the middle (the smallest
position) to the edge of the sample, and the linear velocity of the flow also changes [529]. The rotor that spins at a constant
angular velocity causes the linear velocity of the flow depends on the distance from the axis of rotation (the smallest one
in the middle). Therefore, a constant shear rate can be created in the whole volume of the sample by selecting the rotor
angle and the measurement gap (ignoring the measurement error). This approach is useful for nanofluids that exhibit
complex non-Newtonian rheological behavior and viscoelastic structures [529–531].

Chandrasekar et al. [348] studied µ for Al2O3/water nanofluids from both experimental and theoretical perspectives.
In terms of experiments, the measurement of dynamic viscosity was achieved by a Brookfield cone and plate viscometer.
The nanofluid sample was placed in a 0.013 mm gap between the cone and the plate. The measurement accuracy was
found to be around 5% by measuring the base fluid at RT. In addition, the dynamic viscosity of the Ag–MgO/water hybrid
nanofluid was also measured by a Brookfield cone and plate viscometer [532], and an electronic device was used to adjust
the gap between the two plates to be 0.013 mm. The measurement of the viscous drag of the nanofluid to the spindle
was achieved by calibrating the deflection of the spring. The authors concluded that theoretical models cannot predict
the experimental data with high accuracy because the morphology of nanoparticles is not captured fully by these models.
Asadi et al. [533] dispersed MWCNTs and ZnO in engine oil to form a stable suspension, and measured the dynamic
viscosity of the MWCNTs–ZnO/engine oil hybrid nanofluids at different temperatures and concentrations using a cone
and plate viscometer. The temperature of the nanofluids was set through the device in a short time to ensure that it
remained stable during the measurement. Żyła et al. used a cone-plate geometry to study the non-Newtonian behavior
of AlN/EG [531], Si3N4/EG [534] and EG based nanofluids containing mixture of graphite and nanodiamonds at constant
temperature of 298.15 K [535].

3.4.3.4. Other measurement methods. Besides the methods mentioned above, there are two other techniques that are
used to examine the viscosity of nanofluids, namely (i) Rheo-NMR and (ii) RheoScope. The first technique is a basically
performing the rotational rheological measurements in the magnetic field, which allows use of the nuclear magnetic
resonance (NMR) imaging to observe sample inside the system in real-time. This advanced equipment also allows for
the detection of slippery effect between the sample and the measuring geometry (by comparing the linear velocity of
the rotor surface and the laminar flow inside the nanofluid), which is impossible to achieve for other systems [536]. The
advantage of the Rheo-NMR method is the possibility to determine the chemical structure changes during shearing of
the sample. The second technique can be described as a rotational rheometer coupled with the optical microscope. This
one allows observing the bottom (stationary) plate of the measurement geometry while performing a standard dynamic
viscosity examination. Unfortunately, the magnification of the observations is limited. However, some large nanoparticle
aggregates can still be observed when using an optical microscope (if they occur in the sample) [536].

Both techniques were used by Żyła et al. [536] to study the unexpected shape of µ curves of the MgAl2O4/DG nanofluids
observed in their previous study to determine the rheological profile of those materials [537]. The Rheo-NMR method
could be used to eliminate chemical changes occurring in the sample and slippage effects between the sample and
the rotor. A series of experiments performed with RheoScope showed that the agglomeration and sedimentation of the
particles are responsible for this strange behavior.

3.4.4. Experimental studies
The purpose of this section is to provide a comprehensive review of experimental progress and developments on

the factors influencing the dynamic viscosity of nanofluids. The effects of several key factors such as temperature,
concentration, size and shape of the NPs, pH and ultrasonication time are explicitly reviewed here. Fig. 21 clearly illustrates
the intrinsic mechanism of various factors on µnf.
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Fig. 21. Schematic diagram for the intrinsic mechanisms of various factors on the viscosity of nanofluids.

3.4.4.1. Effect of temperature. The effect of temperature on µnf is not negligible. Hence, many researchers have studied
the effect of temperature on µnf [412,505,538–546]. The literature review indicates that an increase in temperature leads
to the reduction of viscosity of nanofluids, and the amount of this reduction depends on the type of base fluid and
nanoparticles. Esfe et al. [539] investigated the viscosity of nanofluids with Al2O3 nanoparticles dispersed in engine oil at
different temperatures (5 ◦C–65 ◦C). They found that as the temperature of the nanofluid rises, µnf declines, which further
indicates that the elevated temperature can effectively reduce the µnf. Meanwhile, Toghraie et al. [540] also confirmed the
above conclusions by analyzing the evolution of µ of Fe3O4/water nanofluids with temperature. When the temperature is
raised from 20 ◦C to 55 ◦C the viscosity continuously decreases, and this trend always occurs for nanofluids with different
volume concentrations. Pastoriza-Gallego et al. [505] analyzed the effect of temperature on µ of CuO/water nanofluids in
the temperature range of 10 ◦C–50 ◦C and concentration range of 1 to 10% in mass. The results revealed that the µ of
the nanofluid with a mass fraction of 7% at 50 ◦C is virtually equal to water at 25 ◦C. Yang et al. [541] conducted a study
on µ of viscoelastic-fluid-based nanofluids, in which Cu nanoparticles were homogeneously dispersed in a solution of
cetyltrimethylammonium chloride (CTAC) and sodium salicylate (NaSal). It was also found that µ of viscoelastic nanofluids
decreases with increasing temperature regardless of any shear rate.

The decrease of µ with temperature happens because when the nanofluid receives thermal energy (its temperature
increases), the distance between molecules becomes more; therefore, interparticle adhesion forces and consequently the
viscosity are reduced.

Moreover, some researchers studied the evolution of relative dynamic viscosity (ratio of nanofluid to base fluid dynamic
viscosity, µnf/µbf) over varied temperature ranges (see for example [539,542,543]) Baratpour et al. [544] found from
experimental data that the effect of temperature on the relative dynamic viscosity of SWCNT/EG nanofluids (tested for
volume fractions up to 0.1%) is not significant in the range of 30 ◦C–60 ◦C for volume concentrations less than 0.025%.
In addition to the conclusions obtained above, several researchers also demonstrated that the relative dynamic viscosity
is not linearly increasing, and a slight reduction is observed with increasing temperature [410,540]. Murshed et al. [545]
studied the viscosity of silicon oil based nanofluids containing two different types of nanoparticles i.e. TiO2 and SiO2. They
remarked that when temperature increases from 20 to 59 ◦C, the viscosity lessens non-linearly.

3.4.4.2. Effect of nanoparticle concentration. So far, most studies have demonstrated that an increase in the volume fraction
of nanoparticles directly leads to a significant increase in µnf. However, some exceptions have been also reported. For
example, Chen et al. [547] developed a novel method to prepare a CNT/EG nanofluid that does not contain any surfactant,
where the CNT was dispersed in the base fluid via mechanochemical reaction. For volume fractions less than 0.4 vol%,
the µ of the CNT/EG nanofluid was recorded lower than that of the base fluid, which is ascribed to the lubrication of
the nanoparticles. Furthermore, as the loading of nanoparticles increases, the relative dynamic viscosity also exhibits an
increasing trend. Interestingly, this trend is even more pronounced when the temperature is above 55 ◦C. Later, the group
further studied the µ changes of MWCNTs dispersed in different base fluids including water, EG, glycerin and silicone
oils [548]. They found that both the MWCNT/silicone oil and MWCNT/glycerol nanofluids exhibited Newtonian behavior.
For MWCNT/water nanofluids, the MWCNTs serve as a lubricant and cause the µnf to be lower than that of the base fluid
at low volume fractions of MWCNTs. Żyła and Fal [549] examined the µ of SiO2/EG nanofluids at a constant temperature
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of 298.15 K, they found that µnf increases linearly with the volume fraction of particles and the value of enhancement is
much higher than that predicted by the Einstein model.

In another study on the effect of nanoparticle volume concentration on µ, Al2O3/polyalkylene glycol nanofluids were
prepared by Sharif et al. [550]. The µ of the Al2O3/polyalkylene glycol nanofluid in the range of 0.05–1 vol.% was
analyzed, and the relative dynamic viscosity was found to vary linearly with concentration at 313.15 K. Furthermore,
the dependence of µ on the concentration of SiC/DI water nanofluids was investigated by Lee et al. [389]. They found that
the µ of SiC/DI water nanofluids rises with dispersing more nanoparticles in the host liquid. Corcione et al. [304] analyzed
multi-group experimental data on the influence of various parameters on µnf in a wide range of literature. They focused
on the effect of nanoparticle concentration on µ and found that µ increases linearly with the increasing concentration. In
a recent study, Suganthi et al. [551] studied the rheological properties of ZnO/propylene glycol nanofluids. As a result, it
was found that the hydrogen bond in the propylene glycol (that its formula is C3H8O2) is weakened at a high temperature,
which has a considerable contribution to the decrease of µnf. By loading ZnO nanoparticles, hydrogen bonds are further
weakened. When this decrease trend completely exceeds the increase in µ due to the addition of nanoparticles, a decrease
in the µnf will eventually occur.

3.4.4.3. Effect of nanoparticle size and shape. Nanoparticle’s size and shape are also important factors that cannot be
ignored in studying µnf, but the conclusions from different studies are not consistent [357,446,515,521,522,552–556].
He et al. [357] studied µ of TiO2 nanofluids with nanoparticle sizes of 95, 145 and 210 nm, and found that the viscosity
increases with an increase in nanoparticle size. Furthermore, the results of Nguyen et al. [553] for Al2O3/water nanofluids
(where two different sizes of particles including 36 and 47 nm were used) indicated that the influence of nanoparticle size
on viscosity is significant at higher concentrations while at low concentrations the effect is not significant. The authors
attributed this difference to the molecular structure of nanofluids. Research on Al2O3/water nanofluids by Jarahnejad
et al. [522] also revealed that a nanofluid with a nanoparticle size of 250 nm has a higher µ than the 200 nm counterpart,
which is consistent with the above results, but viscosity of the nanofluid with a nanoparticle size of 250 nm is also higher
than that with a 300 nm nanoparticle size. The inhomogeneity of the nanofluid can explain this contradictory result.

In addition, there are also some reports on µnf that decreases as nanoparticle size enlarges. The study of Al2O3/water
by Anoope et al. [554] proved that using Al2O3 nanoparticles with a size of 45 nm leads to a greater viscosity compared a
size of 150 nm, which is consistent with Einstein’s theoretical prediction [509]. Kwek et al. [555] studied µ of Al2O3/water
nanofluids where two sizes of nanoparticles including 10 and 150 nm were used. It was found that as the nanoparticle
size increases, the relative µnf decreases from 1.9 to 1.5. This could be attributed to higher potential of nanoparticles with
smaller size to aggregate due to lack of strong surface charges between them. This is in good agreement with the results
of Masoumi et al. [515] and Lu et al. [446]. Apart from Al2O3 nanofluids, similar conclusions have been made regarding the
study of SiO2 nanofluids. The research of Chevalier [521] for three nanoparticle-size (35, 94 and 190 nm) in SiO2/ethanol
nanofluids also followed the trend of µ decreasing with increasing nanoparticle size. Namburu et al. [556] measured the µ
of three nanoparticle-size (20, 50 and 100 nm) in SiO2/water nanofluids. The nanofluid with 20 nm nanoparticles has the
largest µnf, followed by the 50 nm-sized nanofluid. However, the difference in µnf caused by nanoparticle size gradually
decreases as the temperature increases, indicating that the effect of nanoparticle size on µnf is not strong compared to
other factors.

There are not many studies regarding the influence of nanoparticle shape on µnf. Among the limited studies, Timofeeva
et al. [410,557] measured the µ of Al2O3/EG and Al2O3/water nanofluids and found slender or flat nanoparticles with
lower sphericity generally have higher µnf than ideal spherical fluids at the same volume fraction. This is related to the
structural limitations of nanoparticle rotation in Brownian motion. To get a nanofluid with low µ, it was suggested to use
nanoparticles with lower aspect ratios.

3.4.4.4. Effect of pH. The values of pH can indirectly affect µnf by influencing the stability and dispersion of nanofluids.
Therefore, in order to comprehensively analyze µnf, pH value is also one of the parameters that should be paid attention
to. An experiment on the µ of SiO2/water nanofluids with different particle sizes and pH values was carried out by Zhao
et al. [558], in which the aggregation of nanoparticles was considered. A greater µnf was found in the pH range of 5–7
when the nanoparticle diameter is less than 20 nm. Then, the pH value no longer has a significant effect on the µ as the
diameter of the nanoparticles increases, and it remains almost constant as the pH value changes. This is attributed to the
existence of an electric double layer (EDL) over the nanoparticles and the change in the fractal dimension of the aggregates.
Timofeeva et al. [410] investigated µ with various shapes of Al2O3 nanoparticles dispersed in EG/water mixture. It was
found that adjusting the pH value of the suspension probably affects the surface charge over the nanoparticles. In their
study the µ of the Al2O3/water nanofluid was successfully reduced by 31% without affecting knf. Notice that the surface
charge of nanoparticles is another key parameter affecting µnf, and adjusting the pH value of the suspension is an effective
parameter of modulating the surface charge of the nanoparticles.

Moreover, Wankam et al. [559] investigated the influences of pH on µ of heat transfer nanofluids. The rheological
curves of 0.1 wt% ZrO2 nanoparticles dispersed in water at different pH values (4, 6, 8, 10) were obtained, indicating
that the µ of ZrO2/water nanofluid is reduced by 20% for pH = 6 or 8 compared to pH = 4 or 10. In another work,
Wang et al. [560] attained a strong repulsive force and reduced aggregation of nanoparticles by changing the pH of the
suspension to achieve stable nanofluids. Similar increasing trends for viscosity of Al2O3/water and Cu/water nanofluids
with pH value were obtained. There was an optimized pH value (pHo) for the lowest viscosity of various nanofluids,
e.g., pHo = 8 for Al2O3/water nanofluid, pHo = 9.5 for Cu/water nanofluids.

All the studies mentioned above emphasize that an optimized pH can effectively reduce µnf.
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Fig. 22. A schematic diagram for the dependence of viscosity on the volume concentration of nanoparticles in various studies.

3.4.4.5. Sonication time effect. Ultrasonication is a commonly used method to change µnf, which can terminate agglomera-
tion between particles and promote the uniform dispersion of nanoparticles in the base fluid [561]. Many researchers have
studied ultrasonication duration effects on nanofluids, and concluded that generally µnf exhibits a tendency to decrease
with ultrasonication duration. However, there is no uniform standard for optimal ultrasonication duration for nanofluids,
which depends on the type of nanofluids.

Ruan et al. [562] studied the effect of ultrasonication time on µ of MWCNT/EG nanofluids at a concentration of 0.5
wt%. The results revealed that µnf increases with an increase of the ultrasonication time and reaches a maximum after
40 min, then it reduces with further sonication until it approaches the µ of pure EG after 1355 min. Moreover, the
same experimental results were obtained at different shear rates. The reason for this phenomenon is that well-dispersed
MWCNTs possess an extremely large specific surface area and thus have a higher µnf, while the reduction in the aspect
ratio of the MWCNTs and the destruction of the 3-D network causes a lower µnf. Garg et al. [422] also reported the
variation of µ of the CNT/water nanofluids with ultrasonication time. They observed that µnf increases to the maximum
value and then decreases with ultrasonication time. Mahbubul et al. [563] analyzed the ultrasonication effect of the µ of
Al2O3/water nanofluids at a concentration of 0.5 wt%. Their experimental results were similar to those of Ruan et al. and
Garg et al. The optimal ultrasonication duration for the nanofluids in their study is approximately 40 min. After that, µnf
keeps decreasing until it approaches µbf at 120 min. The reason was that the aggregation of the nanoparticles gradually
decreases before 40 min, and after that the long-time ultrasonication destroys the aspect ratio of the nanoparticles, which
reduces µnf [564].

The µnf also exhibited the same trend with the ultrasonication duration at different temperatures. Menbari et al. [565]
studied the µ change of Al2O3–CuO/water nanofluids. It was found that as the ultrasonic time increases, µnf increases
first and then decreases, and µnf reaches a maximum at an ultrasonication time of 100–120 min. Silambarasan et al. [566]
reported the effect of ultrasonication time on µ of TiO2/water nanofluids. Their results indicate that µnf decreases with
increasing ultrasonication time, which is attributed to nanoparticle agglomeration and size reduction. Based on the
above conclusions, the fact that µnf has a significant dependence on the duration of the ultrasound can guide the facile
preparation of high-stability nanofluids.

In summary, Section 3.4.4 dealt with effect of key parameters such as particle’s size and shape, concentration, pH, and
sonication time on the viscosity magnitude of mono nanofluid. Researchers may focus more on the study of viscosity in
high temperatures, for example higher than 70 ◦C, where the nanofluid can be used for high temperature applications
such as parabolic collectors. Moreover, finding the optimal value of pH and sonication time is still a challenge in the
evaluation of nanofluids viscosity. Size and shape of nanoparticles are other parameters that can be engineered to control
the viscosity. Finally, concentration of nanoparticles has a key role to determine the behavior of nanofluid. The increase of
concentration from a given value could change the nanofluid behavior from Newtonian to non-Newtonian. Since particle
loading increase both thermal conductivity and viscosity (in general), therefore optimal concentration could be selected
by heat transfer enhancement and pumping power indexes. Fig. 22 summarizes the effect of concentration on the viscosity
of different types of nanofluids. It can be clearly seen from Fig. 22 that as the loading of nanoparticles increases, the µ of
all types of nanofluids shows significant upward trends, such as Al2O3 [446,518,519,567,568], TiO2 [281,314,519,568],
CuO [569], Fe2O3 [570], MgO [571], SiO2 [8,572] and SiC [389], graphene [534,573] and CNT [547,548,574] based
nanofluids.
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3.4.5. Hybrid nanofluids
The purpose of developing hybrid nanofluids is a trade-off between advantages and disadvantages of nanofluids made

of one type of nanoparticles (mono nanofluids), which aims to obtain a medium with better heat transfer characteristics
for practical engineering applications. There are many studies which have shown that hybrid nanofluids render better
heat transfer performance, although further work is still needed to overcome the challenges in terms of stability and
dispersion for practical applications [439,511,575–582]. It is also intriguing to note that µ is still one of the problems
that cannot be ignored in hybrid nanofluids. In general, theoretical models fail to precisely predict dynamic viscosity of
hybrid nanofluids (µhnf). Therefore, in order to accurately estimate µhnf, researchers have proposed new correlations (see
Table 4), which are discussed below.

3.4.5.1. Theory. In Section 3.4.1.1, we already mentioned that Bachelor proposed a correlation Eq. (79) to predict µ of
single-type nanoparticle suspensions with Brownian motion [511], and Ho et al. [439] has demonstrated that Eq. (79) can
accurately predict µhnf. Afrand et al. [575] proposed SiO2–MWCNT/engine oil hybrid nanofluids as heat engine coolants
and lubricants, and explored the effect of temperature and solid volume fraction on µ. The experimental results revealed
that there is a significant difference between experiments and the results predicted by model. Hence, they proposed a
correlation that has been proven to accurately predict the µhnf. Its general form is as follows:

µnf

µbf
= c0 + c1Φp + c2Φ2

p + c3Φ3
p + c4Φ4

p (88)

where µnf and µbf represent the dynamic viscosity of the nanofluid and base fluid, respectively, and c0, c1, c2, c3 and c4
are coefficients for each temperature, whose values are given in Ref. [575]. It should be noted that Eq. (88) is valid only
at temperatures ranging from 25 to 60 ◦C and solid concentration ranging from 0.05 vol% to 1 vol%.

Subsequently, Esfe et al. [576] also obtained a similar correlation to Eq. (88) for MWCNT–ZnO/engine oil hybrid
nanofluids. Furthermore, the group proposed another dynamic viscosity model to predict the µ of Ag–MgO/water hybrid
nanofluids by curve fitting the experimental data. The general form of the dynamic viscosity model is:

µnf =
(
1 + 32.795Φp − 7214Φ2

p + 714600Φ3
p − 0.1941 × 108Φ4

p

)
µbf (89)

where 0 ≤ Φp ≤ 0.02. It is also found that the proposed model can precisely predict µnf under specific conditions [532].
Dardan et al. [577] also proposed a new correlation to predict µ of Al2O3–MWCNTs/engine oil hybrid nanofluids, which

is a function in terms of nanoparticle volume concentration and temperature. The general form of the new correlation
is:

µnf

µbf
= 1.123 + 0.3251Φp − 0.08994T + 0.002552T 2

− 0.00002386T 3
+ 0.9695

(
T
Φp

)0.01719

(90)

Subsequent comparison reveals that most of the experimentally obtained relative viscosity values are close to the
predicted values, and the maximum deviation is only 2%. It further indicates that an excellent agreement between the
measured data and predicted values exist, resulting in the proposed correlation being useful for engineering applications.
Notice that Eq. (90) is valid for nanofluids with concentrations ranging from 0.0625 to 1 vol% and temperature from 25
to 50 ◦C.

Recently, an experimental study on the dynamic viscosity of MWCNT–ZnO/engine oil hybrid nanofluids was carried out
by Asadi et al. [533], in which a new correlation to estimate µnf was proposed by fitting the experimental data. Similarly,
it is also a function in terms of the solid volume concentration and temperature of the nanofluid. The exact description
is:

µnf = 796.8 + 76.26Φp + 12.88T + 0.7695ΦpT +
−196.9T − 16.53ΦpT

√
T

(91)

It can be seen from comparison that the correlation is highly consistent with all experimental data. It should be noted
that the above correlation is only suitable for temperature ranging from 5 ◦C to 55 ◦C and solid concentrations from 0.125
vol% to 1 vol%.

3.4.5.2. Experimental studies. Dynamic viscosity is a decisive factor in resisting the relative motion of nanofluids. In fact,
hybrid nanofluids can further improve the heat transfer performance compared to mono nanofluids to some extent. At
the same time as heat transfer is enhanced, µhnf should also be considered. Afrand et al. [575] studied the effects of
temperature and solid volume fraction on µhnf. From the experimental data obtained, it can be found that the temperature
rise has a positive effect on the µhnf, which is attributed to the increase in the temperature and weakening in the
intermolecular interactions. As the solid volume fraction increases, the agglomeration of nanoparticles is more likely to
occur, which further leads to a significant increase in µhnf, and thus the effect of temperature on µhnf becomes more
pronounced. This trend has long been confirmed in the study of mono nanofluids. Furthermore, from the trend of relative
viscosity with temperature and solid volume fraction, it can be observed that relative viscosity exhibits an increasing
trend with respect to the increase of temperature and solid volume fraction, but the effect of solid volume fraction
will be more significant. Soltani et al. [578] also studied the effects of temperature and particle concentration on µhnf.
MgO–MWCNT/EG hybrid nanofluids were selected as the research object, and the final conclusions are consistent with
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Table 4
Summary of theoretical models for the prediction of the dynamic viscosity of hybrid nanofluids (µhnf).
Model Year Equation Features Ref.

Afrand et al. 2016
µnf

µbf
= c0 + c1Φp + c2Φ2

p

+c3Φ3
p + c4Φ4

p

Valid only in temperature ranging from
25 to 60 ◦C and concentration ranging
from 0.05 to 1 vol%

[575]

Esfe et al. 2017 µnf =
(
1 + 32.795Φp − 7214Φ2

p

+714600Φ3
p − 0.1941 × 108Φ4

p

)
µbf

Valid only in concentration ranging from
0 to 0.02 vol%

[576]

Dardan
et al.

2016
µnf

µbf
= 1.123 + 0.3251Φp

−0.08994T + 0.002552T 2

−0.00002386T 3
+0.9695

(
T
Φp

)0.01719

Valid only in concentration ranging from
0.0625 to 1 vol% and temperature ranging
from 25 to 50 ◦C.

[577]

Asadi et al. 2016 µnf = 796.8 + 76.26Φp + 12.88T

+0.7695ΦpT +
−196.9T − 16.53ΦpT

√
T

Valid only in temperature ranging from 5
to 55 ◦C and concentration ranging from
0.125 to 1 vol%.

[533]

those mentioned above. The µhnf is positively correlated with the concentration of nanoparticles and negatively correlated
with temperature. They found µhnf is slowly enhanced at a low volume fraction (< 0.4%) while rapidly enhanced at high
volume fractions (0.8% and 1%). They believed that this can be attributed to the MWCNT chains consequently formed via
the interconnection of MWCNTs.

In another work, a study on thermophysical properties of SiO2–CuO–C/EG-glycerol hybrid nanofluid was carried out
by Akilu et al. [579]. Experimental results indicated that µhnf rises as the loading of nanoparticles increases, owing to the
stronger interaction between the base fluid molecules and the nanoparticles. Finally, they compared the relative viscosity
of the SiO2–CuO–C/EG-glycerol hybrid nanofluid with the SiO2/EG-glycerol nanofluid, and found that the µhnf/µbf was
significantly lower than that of the µnf/µbf with a maximum difference of up to three times. This happened since the ρ

of SiO2 is much smaller than the ρ of the CuO–C hybrid nanoparticles, a smaller number of particles at the same weight
favors the flow of the nanoparticles and reduces the flow resistance, consequently reducing µhnf.

A review of the aforementioned articles on µhnf reveals that all studies have reached a consistent conclusion. However,
we have realized that in addition to a huge amount of research work examining the effects of temperature and
concentration on µhnf, there are few reports on the influences of other key factors on µhnf. As a state-of-the-art high-
performance heat transfer fluid, hybrid nanofluids need to be comprehensively analyzed and discussed. Therefore, it is
necessary to analyze the influences of the size and shape of the nanoparticles, ultrasonication time and the pH of the
base fluid. Whether the effect is identical to or different from the effects in mono nanofluids is unknown and much work
remains for the future.

3.4.6. Molecular dynamic (MD) simulation
Although many studies have been done for evaluation of µnf experimentally, new techniques are constantly pur-

sued [556,575–579]. In Section 3.1.5, we discussed that knf can be calculated by MD simulation methods, and the same
method can also be applicable to study of µnf. Some pioneering researchers have adopted this method in the study of µnf
and have made some new progress in this area. In MD simulation, both EMD and NEMD can be used to calculate µnf. In
particular, the principle of EMD simulation is based on the Green–Kubo formula [580,581], while there are three unique
methods used to calculate µnf in NEMD. However, most of the following studies have adopted the EMD method.

Recently, a study on the effect of different graphene nanosheet sizes (length:10×10 nm and 20×20 nm) on the viscosity
of nanofluids was carried out by Vakili-Nezhaad et al. [580]. All the water molecules’ interactions were described using a
L-J potential, Coulomb’s law was used to model electrostatic interactions, a combination of L-J potential and Coulomb
potential was employed to describe the interactions between atoms in graphene, while a rule of Lorentz–Berthelot
combining was used to describe the interaction between the water molecules and the graphene nanosheets. In particular,
µnf was determined via the Green–Kubo method based on the fluctuation–dissipation theorem and linear response theory.
The results clearly demonstrated that all nanofluids have a higher µ than pure water, and µ exhibits a decreasing tendency
with the increase in the size of the nanoparticles dispersed in the base fluid. Hence, there is a negative correlation between
the size of the graphene nanosheets and µnf, which is mainly due to the stronger interaction between graphene and water
molecules. This also confirms the conclusions that some researchers have reached experimentally [556], that is that the
largest µnf values are observed in nanofluid with the smallest nanoparticle size.

Moreover, Rudyak et al. [581] also explored µ of different-sized nanoparticles dispersed in a base fluid using MD,
where the nanofluids were formed by dispersing Al and Li nanoparticles in Ar. Similarly, the Green–Kubo method
was used to calculate the shear viscosity, and L-J potential, RK potential and specially devised potentials are used to
describe the interactions between molecules in the carrier medium, between the molecules and the nanoparticles, and
between the nanoparticles, respectively. MD simulation results unambiguously demonstrate the dependence of µnf on
nanoparticle size. If the volume concentration of the nanoparticles is constant, the finer the nanoparticles, the higher µnf.
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The contribution to the increase in µnf is mainly due to the interaction of nanoparticles–molecule interactions and the
correlations between molecules–molecules and nanoparticles–molecule interactions. Lou et al. [582] also confirmed that
smaller nanoparticle sizes produce higher µnf, which can be explained by stronger interactions between water and Al2O3
nanoparticles. Another study on the effect on µ of SWCNT/ethanol nanofluids with SWCNT diameters of 0.54–1.08 nm
yielded a lower µnf than µbf at any temperature with µnf decreasing with increasing SWCNT diameter. It has also been
confirmed that the chirality of SWCNT has a slight impact on the shear viscosity [583].

MD simulation enables us to examine not only the effect of nanoparticle size on µnf, but also to explore the effects of
various parameters such as temperature, volume fraction, and aggregation. In terms of the effect of nanoparticle volume
fraction and temperature, Jabbari et al. [584] explored atomic and molecular level physical phenomena on SWCNT/water
nanofluids. The results gained from the Green–Kubo relation indicate that the increase in volume fraction directly leads
to a boost in µnf, which can be explained by the fact that as more and more water molecules are affected by the increase
in the volume fraction of CNTs, stronger van der Waals forces are generated between them. The increase in temperature
weakens the reaction between the water molecules and the bonds between the nanoparticles, thereby decreasing µnf. At
the same time, that research group has also observed a positive relationship between the nanoparticle volume fraction
and µ of CNT/water nanofluids [585]. In other words, as the volume fraction of nanoparticles increases, more water
molecules will be affected by the nanoparticles, and the interactions between them hinder the momentum transfer
between the nanofluid layers, consequently µnf increases. Conversely, the interaction between the nanoparticles and the
base liquid molecules weakens as the temperature increases, which helps to increase the inter-molecular spacing and
thus better dispersion is exhibited. Additionally, Zeroual et al. [586] studied µ of Cu/Ar nanofluids using the MD method,
which attributed the effect of volume fraction on µnf to the presence of a dense nanolayer at the interface between the
nanoparticles and the base fluid. In the MD simulation for µ of Al2O3/water nanofluids, Lou et al. [582] believe that under
the joint control of concentration and temperature, which means that the interaction between nanoparticles and water
molecules is the decisive factor influencing the µnf.

All MD simulations mentioned above have reached consistent conclusions, which validate the phenomena observed by
some researchers experimentally. This also indicates that MD simulation can not only achieve the thermophysical results
observed experimentally, but also enrich our understanding of nanofluid behaviors at the atomic and molecular levels.
Despite the growing number of MD works reporting on nanofluids, there are still significant gaps to be explored.

4. Thermophysical properties and data mining

Since 2012, due to the rapid development of the Internet and information industry, the term ‘‘Big Data’’ has attracted
more and more attention. It is defined as the massive data generated by the information explosion era. With the advent
of the era, big data has quickly penetrated various industries of importance in today’s society, including materials science,
clean energy, fossil energy, environmental ecology, finance, military, communications and others [587–607]. Specifically,
in the field of thermal physics, the thermophysical parameters are collected, analyzed and modeled by data mining, so
that accurate prediction of the theoretical model can be achieved. In the future, data mining will play an important role
and become one of the indispensable technical means in scientific research. For example, the application of data mining
in materials science has been applied to solve many existing quantitative problems, such as simulated annealing, adaptive
simulated annealing, and quantum annealing through highly complex and enormous data calculations [588].

Belianinov et al. [587] comprehensively summarized and analyzed data mining in scanning and electron microscopy.
Among them, the application of data mining in scanning and electron microscopy is mainly to obtain some functions
from multidimensional data sets. Generally, they are used to generate images to observe the molecular, atomic and
nanoscale structural components inside the materials, and the data are collected, analyzed, and processed by computer-
aided microscopy. At this stage, an accuracy of approximately a picometer has been achieved for determine the position of
the atoms and the individual bond lengths and angles. Meanwhile, functional imaging can visualize multidimensional data
sets and transform information into physical and chemical related information through multidimensional data processing
analysis [587].

Data mining is one of the current academic focuses, and it may also have a vital impact on future scientific research and
national social development. Data mining in the field of engineering thermophysics is a promising tool for developing this
field. In terms of thermal properties of materials, different from previous theoretical and numerical simulation models,
data-driven prediction models based on a large amount of experimental data could achieve more accurate predictions. At
present, data-driven models have been studied and applied in the estimation of knf [589–607]. Training artificial neural
networks (ANN) by mining a large amount of experimental data is the main technique for obtaining knf. The employed ANN
for the k generally including multilayer perceptron artificial neural networks (MLP-ANN) [340,432,435,589–594,601–604],
group methods of data handling (GMDH) [565,598], adaptive neuro fuzzy inference systems (ANFIS) [595–597,605], radial
basis functions (RBF) [599,600] and enhanced artificial neural networks (EANN) [606,607]. Fig. 23 illustrates the research
progress using artificial neural network based on data mining for accurate prediction of k. The application of these ANNs
in thermophysical models will be discussed next.

MLP-ANN is one of the more widely studied ANNs with research studies covering single-type particles such Al2O3,
TiO2 and CuO and hybrid particles such as SWCNT/Al2O3 nanofluids. Since Hojjat et al. [589] first developed the MLP-ANN
algorithm and obtained accurate k results for three nanofluids containing Al2O3, TiO2 and CuO nanoparticles, respectively,
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this marked a breakthrough in thermophysical modeling and data mining in heat transfer. Then for CNT-based nanofluids,
Esfe et al. [590] combined MLP-ANN with the Back-Propagation (BP) algorithm and obtained more accurate k values for
SWCNTs and MWCNTs in multi based fluids compared with classical models. Khosrojerdi et al. [591] and Esfe et al. [592]
reported new MLP-ANN techniques which added the tangent sigmoid and pureline functions respectively, and Yousefi
et al. [593] employed both tangent sigmoid transfer functions for hidden layers and pureline functions for output layers.
In addition, Afrand et al. [594] reported the data-driven model for Fe3O4/water nanofluids which applied the Levenberg–
Marquardt BP algorithm and the tangent sigmoid and pureline transfer functions, in order to reduce the predication errors
of thermophysical properties using MLP-ANN.

For Al2O3/water nanofluids, Mehrabi et al. [595] employed the combination method of C-means clustering and ANFIS.
By calculating the square error and the root mean square error between ANFIS and GMDH models and the same set
of experimental results, they concluded that the C-ANFIS is better than GMDH. Esfahani et al. [596] studied nanofluids
consisting of CuO, Ag and TiO2 nanoparticle/oil nanofluids through the ANFIS method, indicating that the determination
coefficient of the output k was higher than 0.97. Sadi et al. [597] focused on MWCNT/ionic liquid nanofluids and applied
ANFIS with input parameters of temperature, volume fraction and molecular weight of the ionic liquid. This method is
suitable for ionic liquid-based nanofluids with a determination coefficient 0.9959.

Combined with genetic algorithms, Mehrabi et al. [595] also used the GMDH approach to explore k of Al2O3/water
nanofluids and the greatest difference between the model and experimental data is 6%. Shahsavar et al. [598] trained the
same GMDH for Fe3O4/liquid paraffin nanofluids with the concentration range of 0.5%–3%, pointing out that the coefficient
of determination of this model is 0.96.

The k of multi-nanoparticles in water, oil, and ethylene glycol based nanofluids has been obtained by Aminian [599]
using the RBF method with tangent sigmoid transfer functions, and the input parameters are nanoparticle volume fraction,
nanoparticle diameter, temperature, k of base fluid and the nanoparticle. The coefficient of determination of the model’s
output is 0.9309. Zhao et al. [600] predicted the k of Al2O3/water nanofluids using RBF with only two input parameters
(temperature and volume fraction of the nanoparticles) by using 8 neurons in the hidden layer, which is enough accuracy
with a coefficient of determination of up to 0.999944.

For the more complicated hybrid particle type nanofluids, the predicted k is mainly based on MLP-ANN, and there are
also some studies based on ANFIS and EANN. Mechiri et al. [601] predicted k of Cu–Zn/Oil nanofluids using MLP-ANN
with input parameters of nanoparticle volume fraction, nanoparticle diameter, temperature, and the k values of both the
base fluid and the nanoparticles. Comparing with classical models such as multiple linear regression and the Hamilton
and Crosser model, this method is more accurate with a coefficient of determination of 0.99379. Moreover, CNT-based
nanofluids also have been researched using MLP-ANN by Esfe [602,603] for MWCNT–SiO2/EG and SWCNTs–Al2O3/EG,
respectively. The method with a maximum error of 1.94% is more reliable than transitional models. Similar to the case of
single-type nanoparticle, the tangent sigmoid transfer function, pureline transfer function and BP algorithm have also been
employed with MLP-ANN for hybrid particle nanofluids to obtain more accurate results [340,432,435,604]. In addition,
Balla et al. [605] applied ANFIS to predict the k of Zn–Cu/water nanofluids based on the first-order Sugeno fuzzy inference
system. The output of the model shows a high agreement with experimental results with the maximum deviation of
1%, which is very suitable for multi-metallic nanoparticles-based nanofluids. Karimipour et al. [606] and Bagherzadeh
et al. [607] utilized EANN for CuFe2O4–SiO2/water-EG and MWCNTs–Fe3O4/EG, respectively, and developed dissimilar
training algorithms using Levenberg–Marquardt and Bayesian regularization backpropagations.

The emergence of data mining has opened a new gate for scientific research, and its importance has gradually emerged
in research. The data driven models will be an indispensable part of model building in the future. In modeling of
thermophysical properties using ANNs, the uncertainty of measured data is mostly ignored that affect the accuracy of
predicted values.

5. Challenges and future works

The state-of-art on the thermophysical properties of the nanomaterials has been presented in the previous sections.
In the following we focus on the challenges and needs of the further studies.

5.1. Solid state

As for solid nanomaterials, one of the main obstacles at this stage is cost. Synthesis techniques for nanomaterials
are expensive, and the synthesized materials are usually contaminated or defective. Therefore, they need to be mass-
produced at a lower cost. Due to size effects, the thermophysical properties of nanostructures are significantly different
from those of the bulk materials because the characteristic lengths of the phonons are comparable to the size of the
nanostructures. For typical 1-D and 2-D carbon nanomaterials, the presence of boundaries, defects, impurities and
the enormous interfacial thermal resistance generated by phonon boundary scattering are the major obstacles to the
improvement of thermophysical properties of nanomaterials. A key issue, currently being explored by many researchers
is how to modify the interface structures to meet the requirement of ultrahigh thermal transport performance for nano-
thermal interface materials (nTIMs). Experimentally, direct measurement of thermal transport properties of individual
nanotubes is still challenging due to imperfect and poorly developed techniques for measuring nanoscale materials.
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Fig. 23. Research progress of artificial neural network (ANN) based on data mining in accurate prediction of the thermal conductivity.

At the same time, there is a lack of characterization of the thermophysical properties of nanomaterials in extreme
environments, such as high temperature and high-pressure conditions. It is necessary to establish a theory of abnormal
heat transfer characteristics describing the interface of nanostructures, though how to establish transmission theory
in the quantum system is still a big challenge. Therefore, the above challenges and gaps require experimental and
theoretical joint efforts. Although research on nanomaterials has made significant progress in the past few decades,
many important issues remain to be explored. Taking the well-known CNTs for an example, there are large differences
among samples synthesized by different research groups, resulting in widely scattered thermophysical property values.
This phenomenon stems from the difference in geometric parameters and quality, especially the unavoidable existence
of defects that needs to be understood. There is no doubt that produced nanomaterials need to have identical and
predictable thermophysical properties in order to satisfy many applications. Although the aforementioned theoretical
advanced models and experiments have helped us understand thermal transport mechanisms for CNTs, there are still
challenges regarding the transmission of vibration modes and the effects of near-interfacial defects and disorder.

As for composite nanomaterials, the challenge is how to add oriented nanomaterials to polymer composites, so as
to effectively reduce the thermal contact resistance and improve the thermal transport performance. Additionally, the
inherent properties of nanomaterials such as the CNT chirality, diameter, and defects will exert a great influence on the
k of the composites. Functionalization of the nanomaterials is also a widely used approach to improve their thermal
transport properties, while covalent functionalization can lead to structural damage to the nanomaterials. In marked
contrast, the potential disadvantage of non-covalent functionalization is the weak bonding, so the effect on k of composite
nanomaterials is more complicated.

5.2. Colloidal nanofluid

Although a large amount of research work on the thermophysical properties of nanofluids has been published and the
research results show an exponentially increasing trend year by year, this does not mean that research on nanofluids is
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mature enough. There are still many challenges and gaps to be filled with future works. For example, the high cost of
nanofluid preparation is one of the most fundamental obstacles hindering application in industry. Whether producing
nanofluids in one or two steps, there are many requirements in terms of hardware, and sophisticated instruments and
equipment are essential. Thus, a comprehensive consideration of the preparation methods for nanofluids is also an
effective method for improving the thermophysical properties of nanofluids. The following will systematically analyze
the gaps and challenges in the research of thermophysical properties of nanofluids at this stage, and propose some
constructive points based on the mentioned opportunities and challenges. It has been previously reviewed that
nanoparticle aggregation is detrimental to the thermophysical properties of nanofluids, because aggregation nullifies
the benefits of the high specific surface area of the nanoparticles. The long-term stability of nanoparticle-dispersed
suspensions is an essential prerequisite for the application of nanofluids in industry. Generally, in the preparation process,
aggregation of nanoparticles is unavoidable to a great extent due to the strong van der Waals interactions. In order
to overcome this difficulty, researchers used to add the dispersion additives and surfactant into the base fluid while
dispersing the nanoparticles. Although the problem of nanoparticle aggregation is solved, the surface properties of the
nanoparticles become another uncertainty. This is due to the fact that the dispersant plays a major role as an impurity in
the base fluid relative to the nanoparticles and inevitably has a non-negligible impact on the thermophysical properties
of the nanofluids. Essentially, the thermophysical properties of nanofluids become ambiguous and unpredictable. An area
that must be studied is how to use surfactants reasonably and bring certain benefits. Hence attention should also be paid
to the effects of surfactants on the thermophysical properties of nanofluids in future study, whether in experimental or
MD simulation work. Furthermore, unlike conventional nanofluids, hybrid nanofluids consist of two or above different
nanoparticles as nanofillers, and their stability is also different from the conventional nanofluids.

In Section 3.2, we systematically reviewed trends relating to the cp,nf. Based on the current literature the cp of most
nanofluids is lower than cp,bf, and it further decreases with increases in the volume fraction of nanoparticles. This is not
what most researchers and engineers wanted to obtain, because an excellent coolant should have a cp value as high as
possible so that it can carry more heat away from the high temperature area. Thus, the problem of relatively lower cp
values is also one of the barriers in the current research stage. Interestingly, CNT/graphene nanofluids avoid this problem
to some extent because the cp values of such nanofluids do not drop considerably with an increase in the volume fraction
of nanoparticles. Therefore, CNT/graphene nanofluids are still one of the most promising heat transfer fluids in future
research.

It is well known that, for the characterization of the thermophysical properties of nanofluids, most researchers focus
on a comprehensive analysis of knf and µnf. For these two thermophysical parameters that directly affect the nanofluid
performance in heat exchange equipment applications, we can conclude that knf and µnf are controlled by multiple factors,
including temperature, concentration, shape and size of the nanoparticles and aggregation, etc. Therefore, theoretical
models of knf and µnf have not been widely adopted since they do not fully consider the multiple factors of nanofluids,
including the momentum conversion and charge distribution generated by the collision of nanoparticles. Although knf
increases with increasing nanoparticle loading, the enhancement in µnf exhibits a steeper trend. As a result, the volume
fraction of nanoparticles cannot be enhanced continuously — and some researchers have concluded that it is impractical
to replace conventional fluids with nanofluids in industrial heat exchange equipment that require very high masses of
heat transfer fluids.

These gaps and challenges provide extraordinary and significant guidance for the future development of nanomate-
rials. With the rapid development of nanotechnology and nanoscience, these problems will be fully solved, and some
unprecedented discoveries will be made. This will further fuel the future efforts towards the application of nanomaterials
to the fields of microelectronics and nano energy.

6. Conclusions

Inspired by their excellent properties and significant potential for employment in a wide range of advanced nan-
otechnology applications, recent research has made significant breakthroughs in improving our understanding of the
thermophysical properties of nanomaterials. In this review, we have summarized the recent progress in understanding
and controlling the thermophysical properties of solid-state to colloidal nanomaterials from theoretical, experimental
and computational approaches. This began with an analysis of three important thermophysical properties of solid
nanomaterials, i.e., thermal conductivity, isobaric specific heat capacity and thermal diffusivity, followed by an analysis
of four key thermophysical properties of nanofluids, i.e., thermal conductivity, isobaric specific heat capacity, density
and dynamic viscosity. In closing, current research opportunities and challenges are summarized, and promising future
development directions are proposed.

For solid-state nanomaterials, a series of theoretical models such as the Callaway model, the Holland model, the BvKS
model and a simple gray model have been proposed, through continuous improvement and modifications, for accurate
and reliable predictions of the thermal conductivity of nanostructures. Research has suggested that the MFP distribution
has a direct relationship and contributions to thermal conductivity. The difference between the bulk and the nanostructure
is the remarkable MFP reduction owing to scattering at boundaries and interfaces. In addition, due to the limitation of the
internal structure of nanomaterials, the thermal transport properties of the amorphous material are directly affected by
the degree of disorder. Specifically, in amorphous nanomaterials with high disorder, the phonon velocity and polarization
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direction inside the structure are not clear, and the concept of phonons cannot be used to evaluate their thermophysical
properties.

We have also provided a comprehensive, state-of-the-art review of the mainstream experimental methods for the
measurement of thermal conductivity of nanomaterials, including the well-known 3ω method and freestanding sensor-
based 3ω method which can measure the thermophysical properties (k, cp and α) of fibrous, powder, liquid and porous
materials, the T-type probe method and their upgraded forms (combined 3ω-T type probe method and improved H-type
probe method) which can measure thermal conductivity of single-layer graphene or nanofilms, the latest cutting-edge
laser flash Raman spectroscopy method for 2-D graphene measurements, and the TDTR method with high accuracy and
wide applicability for the measurement of the thermal conductivity of various nanostructured interfaces and materials.
Grain size, grain boundaries, surface and interface interactions, doping, defects and temperature have a significant effect
on thermal conductivity of nanomaterials. The following conclusions about the crystalline materials can be drawn: (i)
the effect of grain size is more important than that of grain boundary, and the grain-boundary scattering short-wave
phonons reduce the lattice thermal conductivity of the material in the low temperature region; (ii) the thermal transport
performance can be improved by using noble metals (Au, Ag Pd, Pt) and adding small molecular halogens (I2) between
the interfaces, although their mechanisms are different; (iii) different doping and defect concentrations of nanomaterials
cause an increase in phonon scattering; and (iv) the difference in the mass of the doping atoms is one of the key factors
for the sharp decline in the observed thermal conductivity of relevant nanomaterials. It is worth noting that the effect of
temperature is particularly complex, and there are significant differences in the dependence of thermal conductivity on
temperature for different nanomaterials. The MD method with atomic-level simulation has proven its value in providing
insight into the thermal behavior of nanomaterials, and thus has been widely adopted in research efforts focused on
micro/nanoscale thermal transport.

Most of the popular methods for the measurement of thermal diffusivity of nanomaterials are transient, and generally
divided into photothermal and electrothermal techniques. The former includes the classical laser-flash method, non-
contact and non-destructive laser-flash Raman spectroscopy, the photothermal resistance technique for conductive and
non-conductive materials, and infrared thermography. While the transient electrothermal technique (TET) is one of the
most representative electrothermal techniques. Experimental studies have found that thermal diffusivity of nanomaterials
dependents strongly on temperature, which is closely related to lattice wave, phonon transfer energy and free electron
transfer energy. In conclusion, nanomaterials have excellent thermal conduction or insulation capabilities compared to
traditional materials.

We also summarize three theoretical models used to define the isobaric specific heat capacity of nanomaterials, namely
the Dulong–Petit law based on energy quantification, the Einstein solid model and the Debye model based on quantum
theory. The principles of the models and their links and differences are also discussed. As to the effects of size and
temperature on isobaric specific heat capacity, experiments have demonstrated that nanoparticles have higher isobaric
specific heat capacity than their bulk counterparts at ultra-low temperatures, and there is a difference in temperature
dependence at different temperature ranges. Moreover, the thermophysical properties of nanocrystal materials differ
significantly from those of conventional large-scale crystals.

We paid special attention to the research progress in their theoretical models for the thermal conductivity of
nanofluids. Researchers have attempted to involve the main parameters affecting the thermal conductivity of nanofluids
including the thickness of the nanolayer, the aggregation and size of the nanoparticles and the temperature. In the
experimental aspect, the measuring principles of the transient hot wire approach, the 3ω method, the laser flash method,
the steady-state parallel plate method and the transient plane-source method are introduced in detail. Next, the effects of
various factors on thermal conductivity are explored, due to the complexity of the internal mechanisms; many researchers
have failed to reach a consensus conclusion on some factors. Most of them have concluded the following five rules:
(1) increasing the concentration of nanoparticles will boost the thermal conductivity of the nanofluids, (2) the thermal
conductivity of the nanofluids increases with the increasing temperature due to Brownian motion enhancement, (3) the
effect of nanoparticle shape on the thermal conductivity of nanofluids is inconsistent; for most cases, with non-spherical
it is higher than with spherical nanoparticles, (4) aggregation, which is closely related to the volume fraction and the
shape of the aggregates, is generally advantageous, (5) both pH and ultrasonic time have a theoretically optimal values
for different nanofluids.

As for the density and the specific heat capacity of nanofluids, we briefly reviewed relevant experimental and
theoretical advances. Theoretical efforts have revealed that the isobaric specific heat capacity is essentially a monotonic
function of temperature, nanoparticle diameter, and nanoparticle concentration, while experimental efforts are mainly
based on common commercial DSC, from which experimental results agree very well with the theoretical predictions.
Furthermore, since isobaric specific heat capacity of conventional nanoparticles are much smaller than the base fluid,
isobaric specific heat capacity decreases as the volume fraction of the nanoparticles increases. However, this does not
occur with nanofluids formed when advanced nanomaterials are used as fillers. Therefore, CNT and graphene nanofluids
will remain research hotspots in the future.

We also reviewed representative theoretical models for the dynamic viscosity, beginning with the classical Einstein
model, and then proceeding to advanced models that consider the effect of Brownian motion, nanolayers and nanoparticle
aggregation, respectively. Three common techniques have been employed in experimental studies, including the use of
a capillary viscometer, concentric cylinders, the cone and plate approach, and detailed analysis of the effects of various
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factors on this property. It can be concluded that elevated temperatures increase the intermolecular distances, which
is favorable for decreasing dynamic viscosity. Meanwhile, an increase in the nanoparticle volume fraction leads to a
significant boost in dynamic viscosity due to an increase in the overall drag effect in the nanofluid, which further results in
the energy dissipation of the nanofluid. Furthermore, an optimized pH and a long-time sonication are effective in reducing
dynamic viscosity.

Future developments for solid nanomaterials are still striving for ultrahigh thermal conductivity or super thermal
insulation performance. Promising future directions in the field of thermophysical properties of nanomaterials include:
(i) phonon transport is the main thermal diffusion method for nanomaterials, so in-depth studies of phonon transport
helps to develop and improve advanced thermal functional materials; (ii) interface thermal resistance is still the main
bottleneck for development of high thermal conductivity materials; at present, technology for optimizing material
interface resistance is still in its infancy, it is expected to improve in the future and is a hot spot for future work; and
(iii) addressing the phonon scattering by boundaries, defects and impurities is an effective means of maximizing thermal
conductivity of nanomaterials.

Further development of nanofluids with the following being needed work for the future: (i) attention should continue
to be paid to the dispersion of nanoparticles, temperature, surfactants, pH adjustment, nanoparticle size, etc., because
these features are still in the developing stage; (ii) the study of nanofluids dispersed by advanced nanomaterials, such
as CNT and graphene still attracts a lot of attention, and new types of nanofluids with high thermal conductivity and
low dynamic viscosity are needed to meet the requirements of advanced heat transfer applications; and (iii) in order
to predict the effects of different parameters on the thermophysical properties of nanofluids more accurately, further
efforts are needed to develop new models and correlations. In addition, the effects of nanoparticle Brownian motion,
micro convection, clustering and pH on the thermophysical properties of hybrid nanofluids also deserve to be important
future research directions.

Nomenclature
A Isotope scattering coefficient β Layer thickness divided by particle

diameter
b Thermal effusivity γ Factor equal to (1 + 2dnl/rp)
Btype Function related to the ratio Λbu/Lc δ Dirac delta function
cp Isobaric specific heat capacity, J/kg K ε Degree of disorder
cv Isometric specific heat capacity, J/kg K ζ Porosity
c(ω) Spectral heat capacity per unit η Average flatness ratio of the graphene

Phonon frequency, J/kg K θD Debye temperature, K
C Empirical constant ι Factor equal to (1 −kf/kpe)
d Thickness, m µ Dynamic viscosity, Pa s
D Density of states ξave Average thermal rectification factor
f Heat capacity function ρ Density, kg/m3

gBE Bose–Einstein distribution σ Electrical conductivity, S/m
G Thermal conductance, W/K τ Relaxation time, s
h Convective heat transfer coefficient, W/m2 K Φ Volume fraction
I Isotope scattering contribution Ψ Ratio of the surface area of
kB Boltzmann constant, 1.38×10−23 J/K different nanoparticles
k Thermal conductivity, W/m K ω Phonons frequency, Hz
k2 Thermal conductivity correction term ω0 Phonons frequency parameter, Hz
kΛ Contribution to k per MFP h̄ Reduced Planck constant
KH Huggins coefficient Λ Mean free path, m
Kn Knudsen number ςm Crowding factor
L Grain size, m
Lc Characteristic length, m Subscripts
∆M Atomic mass difference acc Accumulation function
n Empirical shape factor bf Base fluid
Nu Nusselt number bu Bulk
p Polarizations cl Nanoparticle cluster
Pr Prandtl number D Diffuson
q Phonon wave vector, m−1 De Debye model
q0 Phonon wave vector parameter, m−1 eff Effective
Qp−p Particle–particle interaction intensity eq Equivalent
r Diameter, m E Einstein model
Rk Interfacial thermal resistance f Fluid
Re Reynolds number FVC Fractional volume concentration
RT Room temperature, K Gr Gray model
ss Sound speed, m/s hnf Hybrid nanofluid
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S Function representing the contribution to Is Interfacial shell
the heat flux of a phonon with MFP L Longitudinal

t Time, s mem Membrane
T Temperature, K nano Nanostructured material
V System volume, m3 nf Nanofluid
v Phonon group velocity, m/s nl Nanolayer
vs Average phonon velocity, m/s np Nanoparticle
vBF Brownian motion velocity, m/s N Normal three-phonon process
w Nanoparticle spacing p Particle
y Ratio of aggregating particles to all P Phonon

nanoparticles RTA Relaxation-time approximation
Greek symbols T Transverse
α Thermal diffusivity, m2/s U Umklapp process
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