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Particle migration in nanofluids has received less than due attention in the literature, and is generally an
open research topic requiring more investigation. Particle migration can have great influences on the
characteristics of nanofluids through disturbing the distributions of nanoparticle concentration and
thermophysical properties. This paper attempts to review and summarize the studies conducted on
nanofluids, considering particle migration, including those conducted via methods such as Eulerian-
Lagrangian, Buongiorno model, molecular dynamics simulation, and different theoretical approaches.
Several important issues are highlighted that deserve greater attention. It is shown that there are still
several hot debates for flow and thermal mechanisms in nanofluids, particularly regarding the behavior
of nanoparticles. Besides, this survey identifies the challenges and opportunities for future research.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Nanofluids have emerged as an interesting and novel class of
nanotechnology-based heat transfer fluids and have grown signif-
icantly in the past few years. Compared to conventional fluids, the
superior thermal conductivity and better convective heat transfer
as well as little pressure drop havemade nanofluids one of themost
promising emerging technologies in heat transfer applications.
Therefore, there is much excitement about applying nanofluids to
meet new challenges in cooling techniques and thermal manage-
ment of high heat flux equipment. There is, however, only limited
knowledge of the mechanisms by which these improvements are
evaluated, and how several features (such as particle clustering,
interactions with the walls, particle migration, and so forth) affect
the behavior of nanofluids. In spite of the substantial amount of
effort invested in this area, a satisfactory theoretical explanation
has not yet been fully provided for possible heat transfer
enhancement mechanism related to nanofluids. Researchers are
being challenged to discover the many unexpected hydrothermal
characteristics of these fluids, to suggest new mechanisms and
unconventional models to explain their behavior. The broad dif-
ferences in the results presented by different researchers for the
same type of, and similar, nanofluids increase the complexity of the
problem further.
served.
The number of publications on this subject in the recent years
has increased so incrementally such that the number of publica-
tions has increased from a few ones before the year 2000 to several
hundred in recent years. In spite of fifteen years of serious research
effort, the vision of the widespread applicability of nanofluids is
still a promise rather than a reality. Despite the ever increasing
nanofluid research projects, the state of nanofluid research has not
yet clearly been determined, and even has proved to be confusing
in several cases. Many inconsistent experimental results existing
alongside unproven hypothetical theories in the relevant literature
is indicative of the above statement. There are many challenges that
need to be pursued in the future. Some of the studies conducted on
nanofluids have yielded incomplete results, some have delivered
conflicting results, and some have produced doubtful results.

The state of the art in the research of nanofluids is still in its
initial phases. A review carried out by Ozerinc et al. [1] shows
significant inconsistencies among the available experimental data,
and between the experimental results and the predictions of
theoretical models. Many reasons may account for this situation.
The complex nature of nanoparticles, even the more complex
nanoparticle-based fluid interactions as well as different prepara-
tion methods employed in experimental investigations, that are
often coupled with diverse surfactants, are among reasons result-
ing in such inconsistencies in research projects on nanofluids.
Another significant reason can be the fact that nanofluids are
commonly considered by many researchers as a homogenous
(single-phase) medium with a uniform distribution of
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nanoparticles. Such an approach can lead to great errors in nano-
fluid simulation results. In fact, one of the main factors accounting
for inconsistencies prevalent in nanofluid research projects is
ignoring the effects of particle migration on flow and heat transfer
characteristics.

Flow-induced particle migration has been attributed by some
researchers as a probable important mechanism for enhanced heat
transfer in nanofluids. Particle migration modifies profiles of ve-
locity and thermophysical properties by disturbing the particle
concentration distribution; this, as a result, can change the heat
transfer rate. Physically, the particle migration idea is to consider
that nanofluids are a heterogeneous two-phase mixture. Its success
in predicting laminar flow and heat transfer reveals that particle-
fluid interaction missing in the widely applied homogeneous
models of nanofluids should be explored further to show the
essential mechanisms of thermal transport in nanofluids. In order
to improve our understanding of convection heat transfer of
nanofluids, it is critical to understand the dynamics of
nanoparticles.

Particle migration in conventional suspensions (i.e., suspensions
containing millimeter and micrometer particles) has been subject
to many studies. The studies show that suspensions with spherical
particles have a non-uniform concentration distribution in a
nonhomogeneous shear flow [2]. In suspensions with rather larger
particles, factors such as non-uniform shear rate and viscosity
gradient affect particle migration. However, as particles get smaller,
factors such as Brownian motion and thermophoresis, in addition
to above mentioned parameters, gain some significance.

Unlike suspensions containing micron-sized particles, a few
studies have evaluated the particle migration in nanofluids. There
are very few studies conducted on suspensions of particles for
which Brownian motion is important. For Brownian suspensions,
Brownian motion can have a significant effect on the cross-stream
migration, as concluded by Frank et al. [3]. Wen and Ding [4]
examined the movement of nanoparticles in laminar pressure-
driven pipe flows considering Brownian motion for dilute suspen-
sions. They demonstrated that the particle concentration near the
wall is noticeably smaller than that at the tube center.

With changes in particle size, even the dependency of particle
migration on flow rate undergoes some changes. For instance,
Semwogerere et al. [5] presented the concentration profile of sus-
pensions of Brownian particles. They demonstrated that, in contrast
with non-Brownian suspensions, flow rate has a significant effect
on the concentration profile in a Brownian suspension. Regarding
the important effect of particle size, the results of previous studies
(i.e., the studies performed on suspensions containing particles
larger than nano-scale) cannot be applied to suspensions contain-
ing nanoparticles (i.e. nanofluids).

It is very important to understand the flow behavior and particle
migration in nanofluids in order to make application of nanofluids
feasible in the near future. Particle migration can affect overall heat
transfer performance. When concentration shows non-uniform
distribution, the effective properties will incorporate non-uniform
distributions. The convective heat transfer coefficient and pres-
sure drop are significantly affected by the values of near-wall
thermal conductivity and viscosity. Therefore, it is crucially
important to consider particle migration in the analysis of nano-
fluid problems, which has thus far been overlooked in most of the
studies carried out on nanofluids.

Most of the studies have considered a uniform particle distri-
bution for nanofluids [6,7]. However, particles can migrate under
conditions of shear and viscosity gradient [8], such that using
uniform concentration will introduce errors to the results. Nano-
particle motion (believed to have a key contribution to enhanced
heat transfer) is governed by superposition of several effects
(thermophoresis, Saffman lift force, Brownian motion, Soret and
Dufour effects, and so forth), some of which are not yet fully un-
derstood since they only become important at very small length
scales. Studying particle migration in nanofluids can help better
understand the physics concepts behind nanofluids, and also
decrease some of the inconsistencies existing in the current
literature.

It is not the objective of this survey to generally review the
related literature of nanofluids, since it has been done in a number
of recent publications [9e12]. In fact, this paper aims to review the
conducted studies in which particle migration in nanofluids has
been taken into consideration. Particle migration is a subject which
is less studied in related investigations conducted on nanofluids.
This review paper also identifies the existing challenges and op-
portunities in this area and attempts to present directions for future
studies. The author of this paper hopes that the current contribu-
tion can provide a brighter path for further research on nanofluids.

2. Particle migration in conventional suspensions

Suspensions have motivated a great number of researchers to
study this subject due to their widespread applications in industry.
These studies are focused on suspensions containing particles of
micron and millimeter sizes, in which Brownian motion does not
usually play a key role. Before evaluating the subject of particle
migration in nanofluids, the most significant studies conducted on
conventional suspensions considering particle migration are
introduced.

Particle migration is an important issue in suspensions in a vast
range of engineering applications such as composite materials,
transport of sediments, heat transfer, oil recovery, chromatography,
sequestration processes in porous media, and even flow of blood.
Research studies on the cross-stream migration of particles have
occupied a significant position in suspension rheology since the
study performed by Segre and Silberberg [13] in 1962 on the in-
ertial migration of particles in a tube flow, and the study conducted
by Leighton and Acrivos [8] in 1987 on the particleeparticle
interaction in a concentrated suspension.

Several studies have been conducted on the mechanisms of
particle migration in suspensions containingmicron-sized particles
both by experiment [14,15] and combined simulation andmodeling
[16,17]. Many models have been suggested for the study of sus-
pension flows. The continuum models that are applied to explain
the particle migration fall basically into two categories: the diffu-
sive flux model by Phillips et al. [18], and the suspension balance
model by Nott and Brady [19]. These models have attained some
level of success in predicting qualitative features of migration
process and concentration distribution.

Phillips et al. [18] applied the scaling arguments of Leighton and
Acrivos [8] to develop the so-called diffusive flux model. In this
model, particle migration results from gradients in viscosity, shear
rate, and concentration. This model was modified by Fang et al. [20]
to account for the various rates of migration in the shear plane. In
an alternative modeling method based on the conservation laws,
designated as the balance model of suspension, the stress in par-
ticle phase is expressed via a constitutive equation, and particle
transport is evaluated by rheological models. The suspension bal-
ance model was refined by Morris and Boulay [21] and Shapley
et al. [22] to explain non-isotropic migration rates and to progress
the modeling of particle velocity fluctuations. Applying this model
and the finite volumemethod, Miller andMorris [23] simulated the
pressure driven flow of a non-colloidal suspension in a two-
dimensional geometry and axisymmetric circular channels.
Furthermore, Miller et al. [24]modified the established shear-based
rheological model of Morris and Boulay [21] and introduced a
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frame-invariant formulation for the suspension balance model in
general geometries. Mirbod [25] utilized the suspension balance
model to present numerical validation of the particle migration in a
concentrated suspension between rotating eccentric cylinders. The
simulation method was validated using an available analytical so-
lution in a circular Couette flow. The simulation results of the
concentration distribution and the velocity profile showed a proper
agreement with the experimental data. As is observed in Fig. 1, the
inner cylinder was rotating with angular velocityu. Fig. 2 illustrates
concentration profiles in the eccentric cylinders as a function of
turns of inner rod for average concentration of 50%. It can be seen
that as the time increases, a large region of concentrated particle
phase forms in the wide-gap and leads to a general migration of
particles away from the inner rod towards the outer cylinder.

Other rheological models based on mixture theory have also
been suggested by Buyevich [26] and Pozarnik and Skerget [27].

The shear- and viscosity-induced effects disturb the suspension
from its equilibrium state. The pressure-driven flow of concen-
trated suspensions within a channel tends to shear-induced parti-
cle migration. When suspensions are pumped within a pipe, it has
been noticed that the concentration of particles is greater in the
central region and lower in the wall region [28]. For instance, the
particles migrate toward the centerline in pipe flows [29]. This
phenomenon is attributed to particle dispersion due to shear [8].
Particles in the high shear region tend to migrate toward the low
shear region. Phillips et al. [18] suggested that particle diffusion-
dispersion fluxes are comprised of three components, namely,
dispersion due to shear-induced particle-particle collision, particle
dispersion due to viscosity gradient in a shear field, and self-
diffusion due to Brownian motion. This can lead to modifications
in velocity profile and pressure drop. In addition, migration of
particles to the central region may expedite the formation of
clusters due to high concentration, and these structures are less
likely to break as a result of low shear rates in that region.

Although constitutive equations for the modeling of dense
suspensions in nonlinear shear flows have been capable of deter-
mining the correct steady-state concentration profile, none have
been able to follow the transient experimentally measured
Fig. 1. Schematic diagram of the eccentric cylinders [25]. Reprinted with permission
from Elsevier.
concentration distribution precisely over a range of suspended
particle radii with a consistent set of diffusion coefficients. Ingber
et al. [30] applied two improvements to the diffusive flux model,
namely, modeling the diffusion coefficients as linear functions of
the so-called nonlinearity parameter and adding slip boundary
conditions at the wall. With these two improvements, it was shown
that the modified model can accurately predict the transient con-
centration in a Couette device over a wide range of particle radii.

Yadav et al. [2] reported numerical simulation of shear-induced
particle migration for low Reynolds number transport of concen-
trated suspension through Y-shaped three-dimensional bifurcation
channel. It was noticed that the velocity profile for the case of
concentrated suspension differs significantly from that of a New-
tonian fluid (see Fig. 3). The locations of the peak velocity and
concentration in the inlet and side branch were found to be
significantly influenced by the bulk particle concentration and
angle of bifurcation.Wall shear stress level was the highest near the
bifurcation region.

Ahmed and Singh [31] provided numerical validation of particle
migration during flow of concentrated suspension in asymmetric T-
junction bifurcation channel observed in the experimental study of
Xi and Shapley [32]. They carried out the simulation in a 3D
bifurcation geometry using the diffusive flux model. It was
observed that the inhomogeneous concentration distribution per-
sists throughout the inlet and downstream channels in spanwise
direction. Due to the particle migration near the bifurcation section
there is almost equal partitioning of flow in the two downstream
branches.

Besides analytical and numerical studies, some researchers have
investigated particle migration experimentally. Othman et al. [14]
measured normalized particle concentration in a microchannel
for high initial particle concentrations and small particle diameters
by a multi-capacitance sensing method. It was observed that the
particles tend to concentrate on the center region in the case of
high concentration and the large particle size.

Murisic et al. [33] carried out a systematic experimental study of
settling regimes over a range of particle sizes and liquid viscosities.
They focused on experiments with particle-laden thin film flows
down an incline, where the effects of the viscosity of the sus-
pending liquid and the particle size were examined. Their experi-
mental results indicated that the particle size is a significant
parameter, and the likelihood of observing the well-mixed regime
increases with the decrease in the particle diameter.

Boyer et al. [34] measured experimentally normal-stress dif-
ferences in dense suspensions of neutrally-buoyant spheres
dispersed in a Newtonian fluid. These normal-stress differences
were seen to vanish below a volume fraction of approximately
twenty percent and to increase with concentration above. During
the experiments, a new time-dependent behavior was noticed. This
time evolution was concluded to be related to particle migration
from regions of high shear to low shear. Eventually, the results were
compared to the predictions of the suspension balance model.

As determined by previous studies, in addition to numerical
investigations, due to the large size of particles in suspensions
containing micro- and millimetric particles, particle migration has
been also studied experimentally. The overall conclusion of these
studies indicates the great significance of factors such as non-
uniform shear rate and viscosity gradient, as well as the minor ef-
fect of parameters such as Brownian diffusion and thermophoresis
diffusion on particle migration in these suspensions. Additionally,
most of the studies have been performed on dense suspensions (i.e.,
suspensions with great concentration of solid particles), while
nanofluids are known to be prepared in low concentrations. Also,
particles are at a nanometric scale in nanofluids; thus, using the
results related to conventional suspensions to nanofluids is quite



Fig. 2. Concentration profiles in the eccentric cylinders as a function of turns of inner rod for average concentration of 50% [25]. Reprinted with permission from Elsevier.

Fig. 3. Velocity contours and streamlines for Newtonian fluid and suspensions with concentrations of 30% and 40% [2]. Reprinted with permission from Elsevier.
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doubtful.

3. Importance of studying particle migration in nanofluids

In the studies conducted thus far, a nanofluid was often
considered to be a homogeneous fluid, and its properties were
assumed to be constant in all positions of the system. These as-
sumptions are not realistic, and may cause misunderstandings in
the phenomena related to nanofluids. Even if nanoparticles are in a
stationary system, they can have a Brownian motion owing to their
small mass and size. Therefore, examination of nanoparticle motion
is critical for evaluating nanofluids as heat transfer mediums. In
addition, the results reported about hydrothermal characteristics of
nanofluids are immensely contradictory. For instance, Xuan and Li
[35] studied forced convection of nanofluids and reported
enhancement of heat transfer, whereas Pak and Cho [36] found a
somewhat different conclusion. Furthermore, Das et al. [37]
claimed that nanofluids produce a lower heat transfer than base
liquids. These contradicting results that are observed in the litera-
ture show that the behaviors of nanoparticles and flow may have
important effects on heat transfer rate, which are presently less
understood.

Although many possible reasons such as Brownian motion,
ballistic conduction of phonon, liquid layering, and so forth have
been proposed, there is no general mechanism to clarify the ther-
mal behavior of nanofluids. Considering particle migration is one of
the important parameters that can help better understand the
behavior of nanofluids. In other words, if the effects of particle
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migration are appropriately taken into consideration, then more
realistic results that are closer to the physics of problem can be
attained.

Very few studies have been performed on relationship between
particle migration and convective heat transfer of nanofluids. In
suspensions containing micro-particles, particles at the wall region
tend to move toward the central region, and the near-wall con-
centration is much lower than the mean concentration. This con-
centration decrement at the wall side can decrease the effect of the
addition of particles, and the thermal conductivity adjacent to the
wall does not change sufficiently to enhance the convective heat
transfer of a fluid. Therefore, the convective heat transfer coefficient
will not change significantly despite the addition of particles with
very high thermal conductivity. However, the results published for
nanofluids show that addition of nanoparticles can enhance the
convective heat transfer considerably. In fact for nanofluids, in
addition to factors established for conventional suspensions, other
factors play a role in particle migration that can cause different
effects as compared to conventional suspensions. Moreover as the
particles get smaller, the effect of parameters such as thermopho-
resis and Brownian motion on particle migration gets more pro-
nounced. This is specifically important for nanofluids which
contain nano-scale particles. Thus, particle migration in nanofluids
and its effect on the characteristics of flow and heat transfer should
be evaluated separately, and the results obtained by studies per-
formed on conventional suspensions cannot be relied upon.

Nanoparticlemigration in nanofluids can result in a non-uniform
particle distribution, which would change the distributions of
thermophysical properties, particularly viscosity and thermal con-
ductivity as they are strong functions of concentration. A reduced
viscosity adjacent to the wall could result in the thinning of
boundary layer. Nanoparticle migration could also affect the devel-
opment of boundary layer so as to affect the hydrothermal charac-
teristics. This can lead to serious problem about the validity of the
assumption of constant effective properties, as applied by a number
of researchers. One should thus be cautious when implementing
findings from any simulations based on the uniform property
assumption. A proper modeling for the convective heat transfer of
nanofluids should implement the two-phase flow nature of nano-
fluids particularly the migration of nanoparticles and the resultant
non-uniformdistributions of concentration andeffectiveproperties.
4. Theoretical investigations

The study conducted by Ding andWen [38] in 2005 was the first
analytical study on particle migration in nanofluids. They studied
particlemigration in nanofluids and formulated a theoretical model
to predict particle concentration and velocity field in the transverse
plane of the pipe for developed laminar flow. The model takes into
account the effects of the shear-induced and viscosity gradient-
induced particle migrations, as well as self-diffusion due to the
Brownian motion. The authors used the following equations to
evaluate particle fluxes due to viscosity gradient (Jm), shear rate (Jc)
and Brownian diffusion (Jb).

Jm ¼ �Km _gf
2

 
d2p
m

!
dm
df

Vf (1)

Jc ¼ �Kcd2p
�
f2V _gþ f _gVf

�
(2)

Jb ¼ �DbVf (3)

where Km and Kc are constants, _g is the shear rate, m represents the
viscosity, f denotes the concentration, dp is the diameter of parti-
cles, and Db represents the Brownian diffusion coefficient calcu-
lated by:

Db ¼ kbT
3pmdp

(4)

where kb is the Boltzmann’s constant, and T denotes the
temperature.

Eventually, the following equation was derived to obtain the
concentration distribution, which was solved along with Eq. (6).

Km _gf
2d

2
p

m

dm
dr

þ Kcd2pf
2d _g
dr

þ Kcd2pf _g
df
dr

þ Db
df
dr

¼ 0 (5)

_g ¼ r
2m

�
dP
dz

�
(6)

where P represents the pressure, and r and z are the radial and
longitudinal coordinates, respectively.

In their investigation, it was revealed that particle concentration
in the wall region is much lower than that in the central region. In
addition, the particle concentration could only be assumed uniform
if the Peclet number is smaller than 10. The reason is that in these
Peclet numbers, particles are of a finer size and consequently, the
role of Brownian motion in particle migration is considerable. In
fact, in contrast to shear rate, Brownian motion tends to uniform
the particle distribution.

The Peclet number was defined as below:

Pe ¼ 3pd3pð�dP=dzÞR
2kbT

(7)

where R represents the radius of the tube.
Physically, the Peclet number shows the ratio of particle

migration caused by convection to that resulting from Brownian
diffusion. Indeed, shear-induced migration causes the motion of
particles from regions of higher shear rate to regions of lower shear
rate, viscosity gradient causes particle migration from regions of
higher viscosity to those of lower viscosity, and self-diffusion due to
the Brownian motion causes particle migration from regions of a
greater concentration to those of a lower concentration. The sig-
nificant non-uniformity is primarily due to the stronger contribu-
tions of the shear- and viscosity-induced particle migration than
that of the Brownianmotion. The net result of the Brownianmotion
is redistribution of particles between higher concentration regions
to lower concentration regions, which displays macroscopically as
diffusion. At the limit of Pe/0, particle concentration will be uni-
form. Fig. 4 illustrates the particle concentration distribution at a
cross section of the tube obtained from the study conducted by
Ding and Wen [38] for different Peclet numbers. It can be observed
that more non-uniform particle distribution is obtained at the
higher Peclet numbers. In fact, Pe number reveals the transition
from intensely Brownian to weakly Brownian behavior.

The effects of thermophoresis and inertia on particle migration
were not considered in their study.

Employing this approach, Wen and Ding [4] also assessed the
effect of particle migration on nanofluid heat transfer under a
laminar flow regime in small channels. The results demonstrated a
significant non-uniformity in particle concentration and, hence,
thermal conductivity over the tube cross section, particularly for
large particles at high concentrations. Compared to the constant
thermal conductivity, the non-uniform distribution led to a higher
Nusselt number, which depended on Peclet number and mean



Fig. 4. Particle concentration distribution at a tube cross section for different Peclet
numbers [38]. Reprinted with permission from Elsevier.

M. Bahiraei / International Journal of Thermal Sciences 109 (2016) 90e113 95
concentration.
In order to find the diffusion fluxes in Eqs. (1) and (2), the

phenomenological constants (i.e. Kc and Km) should be determined.
Bahiraei [39] utilized the Euler-Lagrange method to evaluate these
constants, where gravity, drag, Saffman’s lift, Brownian and ther-
mophoretic forces were considered. The results revealed that the
constants are not much dependent on concentration, but they
change significantly by varying Peclet number. Furthermore, par-
ticle migration caused non-uniformity in the distribution of prop-
erties and, consequently, reduced thermal conductivity and
viscosity adjacent to the wall due to lower concentration there.

Bahiraei and Vasefi [40] investigated the hydrothermal charac-
teristics of nanofluids in a laminar flow inside a tube using the
dispersion model. A new model was proposed for dispersion
thermal conductivity, and the effects of particle migration were
considered to predict the particle distribution at the tube cross
section. Like Ding andWen [38], they considered the effects of non-
uniform shear rate, Brownian diffusion and viscosity gradient on
particlemigration. The obtained particle distributionwas applied in
the proposed dispersion model. It was observed that nanoparticles
are not distributed uniformly at the tube cross section such that the
values of concentration are higher at the central regions and this
non-uniformity intensifies at higher mean concentrations and
Reynolds numbers. The thermal dispersion model that was sug-
gested by them is as below:

kd ¼ c
�
rcp
��vvx

vr

�
fðrÞRdp (8)

where r, v, and cp represent the density, the velocity, and the spe-
cific heat, respectively.

As can be observed in Eq. (8), the non-uniform concentration
distribution was applied in the dispersion model.

In addition to the factors considered by Ding andWen [38], Kang
et al. [41] took inertial migration of nanoparticles into consider-
ation as well.

The flux due to inertial migration was written as:

JIM ¼ fuIM (9)

The inertial migration velocity uIM was evaluated via the cor-
relation presented by Ho and Leal [42] as follows:
uIM ¼ rV2
md

3
p

6pmd2
GðsÞ (10)

where Vm is maximum velocity, s is the dimensionless coordinate,
and function G(s) has been reported by Ho and Leal [42].

They evaluated the distribution of particles and compared the
mechanisms for the heat transfer enhancement in a nanofluid with
those in a general micro-particle suspension. In comparison with a
micro-particle suspension, the authors showed that there is no
significant migration in the nanofluid, with no change in particle
concentration. It was illustrated that in a nanofluid, particle
migration to the center occurs quite slowly. A uniform distribution
of particles was observed at Peclet numbers <5. On the other hand,
a non-uniform distribution of particles was noticed at a Peclet
number of 20. They argued that the non-uniformity observed at
high Peclet numbers is mainly due to the stronger contributions of
shear-induced and viscosity-induced migration. In addition, the
influence of inertial migration decreased by decreasing particle
size, and its effect was minor in nanofluids.

Most of the studies which have analytically investigated particle
migration in nanofluids have overlooked the effect of thermopho-
resis. The effect of thermophoresis has been studied analytically by
some researchers. Bahiraei and Hosseinalipour [43] evaluated the
particle migration in nanofluids considering thermophoresis. They
investigated the effects of particle migration on concentration
distribution and convective heat transfer of the water-TiO2 nano-
fluid inside a circular tube. The concentration distribution was
obtained considering thermophoresis, non-uniform shear rate,
Brownian diffusion and viscosity gradient. They used the following
equation to obtain the concentration distribution:

Km _gf
2

 
d2p
m

!
dm
df

df
dr

þ Kcd2p

�
f2d _g

dr
þ f _g

df
dr

�
þ Db

df
dr

þ DT
dT=dr

T

¼ 0

(11)

where DT denotes the thermophoresis coefficient. The last term in
Eq. (11) indicates the effect of thermophoresis.

It was found that non-uniformity of the concentration is
intensified by increasing the Reynolds number and particle size.
Moreover, thermophoresis made the concentration more non-
uniform and the velocity profile flatter as well. At greater mean
concentrations, the effect of thermophoresis on particle distribu-
tion and convective heat transfer increased. Meanwhile, consid-
ering thermophoresis yielded a greater convective heat transfer in
all Reynolds numbers.

Hwang et al. [44] also took the effect of thermophoresis into
consideration. They discussed the effects of thermal conductivity
under static and dynamic conditions, energy transfer by nano-
particle dispersion, nanoparticle migration due to viscosity
gradient, non-uniform shear rate, Brownian diffusion and ther-
mophoresis on significant enhancement of convective heat transfer
of nanofluids. Based on scale analysis and numerical solutions, for
the first time, it was demonstrated that the flattened velocity
profile due to particle migration and caused by Brownian diffusion
and thermophoresis is a possible mechanism of the convective heat
transfer enhancement. It was illustrated that thermophoresis as
well as Brownian diffusion has important effect on particle
migration, and the effects of viscosity gradient and non-uniform
shear rate on particle migration can be negligible. This conclusion
is in contrast with findings related to conventional suspensions.

The studies mentioned in the above part have investigated the
effect of particle migration in laminar flow; however, there are few
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studies dealing with particle migration in a turbulent flow regime.
Bahiraei [45] evaluated flow and heat transfer characteristics of the
suspensions containing Fe3O4 magnetic nanoparticles in a turbu-
lent flow regime. The effects of Brownian motion, shear rate and
viscosity gradient were taken into account. By applying the effects
of particle migration, the amount of concentration at the wall vi-
cinity was lower than that at the tube center. Non-uniformity of the
concentration distribution was more significant for the coarser
particles and intensified by increasing mean concentration and
Reynolds number.

Alongside the abovementioned analytical studies in which
concentration distribution is obtained through an equation
including various effects on nanoparticle migration (like Eq. (11)),
some researchers have studied the effect of particle migration on
nanofluids using other analytical methods. Pakravan and Yaghoubi
[46] investigated theoretically the basics of natural convection heat
transfer of nanofluids considering thermophoresis and Dufour ef-
fect. To find the concentration distribution, an equation in addition
to the conservation equations was written:

V$
�
rpfv

�
¼ �V$jp (12)

where subscript p refers to the particles, and jp represents the flux
of particles that was considered as a combination of the effects of
thermophoresis and Brownian motion:

jp ¼ �DbVf� DTVT (13)

Similar to the particle flux, diffusive heat flux was assumed as a
combination of the effects of temperature gradient (conduction)
and volume fraction gradient (Dufour):

jh ¼ �DCVT � DDVf (14)

where DD denotes the Dufour coefficient and DC is the conduction
coefficient.

The authors, in their theoretical approach, approximated the
mixture an ideal system due to low volume fraction. They also
assumed one-dimensional field and a thin layer of nanofluid, to
approximate the gradients with their differences. Furthermore, to
find the Dufour coefficient, the Onsager reciprocal relationship was
employed. For approximate conditions, closed form expressionwas
derived to predict the nanofluid Nusselt number based on the base
fluid Nusselt number as below:

Nu ¼ Nuf � 3pS2T
f
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(15)

where subscript f refers to the base fluid, k is the thermal con-
ductivity, and ST represents the thermophoresis parameter.

It was demonstrated that the thermophoresis makes nano-
particle distribution non-uniform and this non-uniformity induces
another heat transfer opposing the direction of temperature
decrease and hence Nusselt number decreases due to the combined
effects of thermophoresis and Dufour processes.

Peng et al. [47] proposed a model for predicting the migration
characteristics of nanoparticles during the refrigerant-based
nanofluid pool boiling. In establishing the model, the departure
and rising processes of bubble, as well as movement of nano-
particles in liquid-phase were firstly simulated; then the capture of
nanoparticles by bubble and escape of nanoparticles from the
liquid-vapor interface were simulated; finally, the migration ratio
of nanoparticles was obtained by flotation theory combining the
analysis on the boiling process (see Fig. 5). The proposed model can
predict the influences of nanoparticle size, refrigerant type, mass
fraction of lubricating oil, heat flux, and initial liquid-level height on
the migration of nanoparticles. It was claimed that the migration
ratio of nanoparticles predicted by the model agrees with the
experimental data.

Jianzhong et al. [48] investigated nanoparticle migration in a
fully developed pipe flow. The evolution of particle number con-
centration, total particle mass, polydispersity, particle diameter and
geometric standard deviation were obtained by using a moment
method to approximate the particle general dynamic equation. In
their approach, the nanoparticles undergo diffusion and coagula-
tion in a turbulent flow, and their clustering is governed by the
general dynamic population balance equation:

vn
vt

þ uj
vn
vxj

¼ v

vxj

 
D
vn
vxj

!
þ 1
2

Zv
0

bðv� v; vÞnðv� v; x; tÞnðv; x; tÞdv

� nðv;x; tÞ
Z∞
0

bðv; vÞnðv; x; tÞdv

(16)

where n ¼ n (v, x, t) denotes the particle size distribution function
based on cluster volume, uj is the flow velocity, D represents the
coefficient of diffusivity, b is the collision coefficient which is
dependent on particle size, v and v are the two classes of particles of
volumes. On the left-hand side of Eq. (16), the first term is the time
rate of change of particle concentration and the second term rep-
resents the fluid transport. On the right-hand side, the first term is
the particle diffusion, the second term represents the production
rate of particles of volume v by collision of particles of volumes v� v

and v, and the third term denotes the disappearance rate of particle
cluster having volume v by collisions with particles of all sizes. The
results showed that nanoparticles move to the pipe center. More-
over, theparticle number concentration and total particlemasswere
distributed non-uniformly, and the largest particle clusters were
found in the pipe center. The authors claimed that particlemigration
for nanoparticles is different from that for micro-particles.

Giraldo et al. [49] conducted an investigation using boundary
integral equations to simulate particle interactions. By adapting the
formulation presented in Refs. [50], they obtained a fully implicit
model for the motion of nanoparticles in the vicinity of a wall that
takes into consideration the effects of viscous drag from the ve-
locity field and that created as a response to the forces acting on the
particles. Factors such as Brownian motion, van der Waals forces
and electrical double layer interaction were considered. The results
showed that a zone with about 17% higher concentration was
created about 0.3 mm away from the wall; this can increase the
thermal conductivity and, thus, heat transfer.

The result obtained in most analytical studies indicates that the
concentration distribution resulting from particle migration de-
pends considerably on parameters such as mean particle concen-
tration, size of particles, Peclet number, and Reynolds number. In a
large number of analytical studies, the utilized correlations require
knowing empirical constants. Conducting experimental studies for
observing particle motion at nano-scale would prove to be quite
complicated; thus, constants obtained for micro-particles are used
for these correlations. This, however, can lead to errors in predicted
results. In addition, a review of analytical surveys performed about
particle migration in nanofluids reveals that most authors had to
use many simplifying assumptions for their modeling due to
complexity of phenomena. In future, more comprehensive models
including factors such as entrance effects, the dynamics of particles,
particleewall interactions, and so forth, for analytical studies on
nanoparticle migration are required.



Fig. 5. Schematic of the migration process of nanoparticles from liquid-phase to vapor-phase [47]. Reprinted with permission from Elsevier.
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5. Numerical investigations

Some researchers have assessed particle migration using
various numerical methods. The most important numerical ap-
proaches employed for this purpose are the Eulerian-Lagrangian
approach and the Buongiorno four-equation model [51].

5.1. Eulerian-Lagrangian approach

Most of the studies conducted on nanofluids have employed the
homogenous (single-phase) simulation method. In the single-
phase approach, conservation equations are solved taking into ac-
count the effective properties. Indeed, due to the extremely fine
size of particles, it is assumed that the thermal and hydrodynamic
equilibriums exist between nanoparticles and base fluid, and
consequently, nanofluids are considered as a single fluid.

Although the validation of single-phase modeling with the
experimental data is approximately in good agreement, this
approach cannot evaluate the fluid flow and thermal features
induced by particle migration effects. This incapability of the
single-phase technique particularly while investigating thermal
and fluid flow behavior of nanofluids, makes the Eulerian-
Lagrangian approach a more reliable one. Indeed, the slip velocity
between the fluid and nanoparticles may not be zero due to several
factors such as gravity, friction between the fluid and particles,
Brownian diffusion, sedimentation and dispersion.

In the Eulerian-Lagrangian approach, the dependence on
effective models of thermal conductivity and viscosity is
completely eliminated, in which the individual properties of the
fluid and nanoparticles are only required. The Eulerian-Lagrangian
approach involves tracking of particles in the domain, thereby
giving more understanding about hydrodynamics of particles. This
approach provides a field description of the dynamics of each
phase, and Lagrangian trajectories of individual particles coupled
with Eulerian description of fluid flow field [52,53].

By decreasing the particle size, in addition to drag, gravity and
pressure forces that apply on a particle, other forces such as
Brownian and thermophoretic that can be neglected for large
particles will have substantial roles. For instance, for ultrafine
particles, the instantaneous momentum imparted to the particle
fluctuates randomly, which causes the particle tomove on a chaotic
path known as Brownian motion. Saffman lift force is also signifi-
cant for particles traveling through a strong shear flow. Effective
forces on nanoparticle motion such as Brownian, thermophoretic,
gravity, pressure, virtual mass, drag, Saffman lift, and so forth are
taken into consideration in the Eulerian-Lagrangian approach. In
this method, the fluid is considered as a continuous phase with
nanoparticles dispersed inside it. For the continuous phase, mass,
momentum and energy equations are the governing equations of
fluid flow and heat transfer. The motion of nanoparticles is gov-
erned by the Newton’s second law in the Lagrangian frame. The
discrete and continuous phases are coupled via Newton’s third law.
The sum of all forces applying on the particle is reflected in the
continuous phase through the momentum source term Sp in Eq.
(18). In fact, Sp updates based on momentum change that occurs in
the control volume caused by themotion of nanoparticles. Similarly
the heat transfer in the particle phase is reflected via the energy
source term St in Eq. (19). This source term is simply computed from
the energy balance within a computational cell.

The main difference between the Eulerian-Lagrangian approach
and the one utilized by Ding andWen [38], which was investigated
in the previous section, is the fact that, in the model of Ding and
Wen [38], in addition to base fluid, the dispersed particles are also
treated as continuous phase.

In the Eulerian-Lagrangian approach, the conservative equa-
tions for the continuous phase would be written as below:

Continuity equation:

V$
�
rf vf

�
¼ 0 (17)

Momentum equation:
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V$
�
rf vf vf

�
¼ �VP þ V$

�
mfVvf

�
þ Sp (18)

Energy equation:

V$
�
rf cp;f vf Tf

�
¼ V$

�
kfVTf

�
þ St (19)

An essential condition for using the Eulerian-Lagrangian
approach is the possibility to consider the liquid phase as a
continuous medium for the motion of nanoparticles. To make sure
the above condition is met, the Knudsen number should be calcu-
lated. If the Knudsen number is small enough, then the condition of
continuity of liquid phase is reliable. Knudsen number is the ratio of
mean free path of fluid molecules to the diameter of particle. For
instance, the mean free path for water is about 0.3 nm and the
diameter of nanoparticles is between 1 and 100 nm. Therefore, the
fluid phase around the nanoparticles can be considered as a con-
tinuum since the Knudsen number is rather small (Kn < 0.3).

In the studies that have employed the Eulerian-Lagrangian
approach for nanofluids, the following equations have often been
used for calculating the related forces.

Drag force [54]:

FD ¼ 18mf
d2prpCc

�
vf � vp

�
(20)

where Cc is Cunningham correction factor to Stokes’ drag lawwhich
can be extracted from:

Cc ¼ 1þ 2l
dp

�
1:257þ 0:4 exp

�� 1:1dp
�
2l
��

(21)

where l represents the molecular mean free path.
Saffman lift force [55]:

FL ¼
2Ksv

1=2rf dij

rpdp
�
dijdij

�1=4
�
vf � vp

�
(22)

where Ks ¼ 2.594 and dij is tensor of deformation. This form of the
lift force is recommended for small particle Reynolds numbers.

Thermophoretic force [56]:

FT ¼ �6pm2f dpCs
1

rf ð1þ 3CmKnÞ
kf
.
kp þ CtKn

1þ 2kf
.
kp þ 2CtKn

VT
mpT

(23)

where mp denotes the particle mass, and Cs ¼ 1.17, Cm ¼ 1.14 and
Ct ¼ 2.18.

Brownian force:

FBi ¼ zi

�
pS0
Dt

�1=2
(24)

where zi is the unit-variance-independent Gaussian random
number with zero-mean. Different components of the Brownian
force are modeled as a Gaussian white noise process, while the
spectral intensity of Sn,ij is given by Li and Ahmadi [57]:

Sn;ij ¼ S0dij (25)

where dij is the Kronecker delta function, and
S0 ¼ 216nkbT

p2rf d5p
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(26)

where n represents the kinematic viscosity.
He et al. [58] and Bianco et al. [59] were pioneers who used the

Eulerian-Lagrangian approach for nanofluids, and modeled nano-
particles as discrete phase. The former utilized the particle inter-
action source term only in momentum equation; however, the
latter employed both momentum and energy source terms in
governing equations.

Some researchers have compared the results obtained through
the Eulerian-Lagrangian approach with single-phase method, and
have shown that the Eulerian-Lagrangian approach yields results
closer to experimental data. Singh et al. [60] evaluated the nano-
fluid flow in microchannels experimentally and numerically. The
hydrodynamic, body, Brownian and thermophoretic forces were
taken into account. It was found that the Eulerian-Lagrangian
approach is more accurate as compared to the single-phase
model. The results also showed non-uniformity of nanoparticle
distribution across the channel cross-section. The authors claimed
that this non-uniformity can be attributed to the shear induced
particle migration and can also be the reason for the difference in
pressure drop and heat transfer from the single-phase model.

Jacob et al. [61] studied the behavior of Al2O3-water nanofluid in
natural convection induced by heat generation using microwave
heating by single-phase and Eulerian-Lagrangian approaches. This
study demonstrated that additional flow in nanofluids is induced
by the heated nanoparticles due to particle migration. Furthermore,
Brownian, thermophoretic and Saffman’s lift forces were found to
be negligible and the buoyant force was the dominant one. The
transient variations of isotherms obtained by single-phase and
Eulerian-Lagrangian approaches were different. The authors
argued that the single-phase approach cannot capture the behavior
induced by particle migration, and flow patterns in nanofluids get
modified due to particle migration.

Generally speaking, one of the main reasons for the difference
observed between homogenous and Eulerian-Lagrangian ap-
proaches can be caused by particle migration which occurs during
flow of nanofluids.

Some studies, using the Eulerian-Lagrangian approach, have
evaluated particle migration and its effect on the hydrothermal
characteristics of nanofluids. A numerical simulation based on the
Eulerian-Lagrangian approach was carried out byWen et al. [62] to
investigate the flow and migration of nanoparticles in a single
channel. The interparticle forces such as the van der Waals and
electrostatic forces were neglected due to their relatively small
contributions. Moreover, no particle agglomerationwas considered
and particle collisions were also neglected. It was illustrated that a
significant non-uniform concentration occurs in the transverse
direction, being higher in the tube center. Moreover, the smaller the
particle size, the more uniform the distribution of particles.

Rostami and Abbassi [52] studied nanofluid conjugate heat
transfer in wavy microchannels using the EulerianeLagrangian
approach. The nanofluid was watereAl2O3 with dp ¼ 120 nm and
volume fraction from 0% to 2%. The Nusselt number increased
because of wavy walls of the microchannel in compare with
straight walls microchannels and because of using nanofluid
instead of water as working fluid. Also, it was found that the dis-
tribution of particles was not homogeneous and was space-
dependent.

Bahiraei and Hangi [63] evaluated the energy efficiency of the
water-Al2O3 nanofluid in a C-shaped chaotic channel as well as a
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straight one using the Eulerian-Lagrangian method. It was illus-
trated that the concentration distribution is non-uniform at the
cross section of the straight channel, while intense mixing in the C-
shaped channel makes distribution of the nanoparticles uniform.
The authors claimed that simultaneous application of nanofluids, as
heat transfer fluids, and chaotic channel, as a modified geometry,
can result in not only higher energy efficiency, but also preventing
nanoparticles agglomeration due to intense mixing.

Mahdavi et al. [64] investigated hydrothermal features of a
nanofluid within a vertical tube through the Eulerian-Lagrangian
approach. Three common types of nanofluids consisting of
alumina, zirconia and silica nanoparticles were studied. The ve-
locity profiles showed that the slip velocity between nanoparticles
and base fluid was not negligible. The authors proved that nano-
particles migrate from the wall both radially and tangentially. Also,
it was shown that gravity cannot be neglected and absence of
gravity force underestimates pressure drop. Non-dimensional
temperature distributions of fluid and nanoparticles at the tube
outlet obtained from this work are depicted in Fig. 6 for alumina
nanofluids. It was defined as:

T* ¼ 2ðT � TinÞk
q00D

(27)

where q00 and D denote the heat flux and the inside diameter of the
tube, respectively.

As per Fig. 6, it is noticed that the base fluid temperature has a
smooth parabolic profile. It can be stated that nanoparticles cannot
distort the parabolic shape of the temperature profile, and energy is
mostly transported via nanoparticle migration. This makes more
sense when fluid temperature is compared with the distribution of
nanoparticle temperature in this figure. The nanoparticle temper-
ature profiles are distorted at the wall vicinity because of the
Fig. 6. Non-dimensional temperature distributions [64]. Reprinted with permission
from Elsevier.
greater temperature gradient. Moreover, the trend is almost similar
for lower and higher concentrations.

Bianco et al. [59] investigated developing forced convection of a
nanofluid in a tube under a uniform wall heat flux using the
Eulerian-Lagrangian approach. For drag force, they utilized the
Stokes law to specify the drag coefficient. Heat transfer enhance-
ment increased with particle concentration, but it was accompa-
nied by increasing wall shear stress. It was concluded that as
thermal entrance length is dependent on Prandtl number, when
concentration increases Pr number also increases and conse-
quently, thermal entrance length becomes greater.

He et al. [58] performed a numerical study by using the Euler-
Lagrange method on the convective heat transfer of the water-
TiO2 nanofluid flowing through a tube. It was concluded that the
results deviate from the experimental data for small x/D values
particularly for the higher Reynolds number. Furthermore, simu-
lations were carried out in the presence and absence of the
Brownian and thermophoretic forces and it was illustrated that
these forces have a little effect on heat transfer.

Turbulent flow in helically coiled tubes under constant wall heat
flux was numerically and experimentally investigated by Bahre-
mand et al. [65]. The numerical computations were performed by
the Eulerian-Lagrangian approach in connection with the RNG keε
turbulence model accounting for four-way coupling collisions. The
results showed that the nanoparticles do not change the axial ve-
locity and turbulent kinetic energy significantly, while the micro-
particles increase axial velocity and suppress turbulence. It was
found that by decreasing particle size, the movement of particles
with turbulence eddies becomes easier. Therefore, the particle
enlargement reduced turbulent kinetic energy.

Tahir and Mital [66] presented numerical investigation of
developing laminar forced convection of the alumina-water
nanofluid subjected to a uniform wall heat flux. They used the
Eulerian-Lagrangian approach for simulation. It was found that the
heat transfer coefficient linearly increases with both Reynolds
number and volume fraction, but shows non-linear parabolic
decrease with an increase in particle size. The authors indicated
that the model equation can be used to optimize the performance
of nanofluids for use in miniature liquid-cooled heat sinks.

Su et al. [67] evaluated magnetic nanofluid transport using
agarose gel. They developed a particle tracking model to study the
migration and deposition of nanoparticles in the porous structure
under multiple forces including Brownian motion, London-van der
Waals attraction, electrostatic forces, gravitational force, viscous
force, and inertial force. Their model allows for determination of
the rate of nanoparticle deposition on the porous structure. The
authors claimed that the information obtained can be used with
continuous porous medium theory to predict the evolution of the
concentration and deposition profiles of nanoparticles in porous
structure.

One of the main challenges in the Eulerian-Lagrangian approach
is the reliability of correlations used for forces applied on nano-
particles. It is noteworthy that the formats of most of the forces that
have thus far been used in the Eulerian-Lagrangian approach for
nanofluids have been established for relatively large particles. They
may not be applicable to nanoparticles due to, for example, the
rarefaction, and it is not obvious currently how these correlations
are corrected for nanoparticles. Some researchers have tried to
introduce new forms of forces for investigating particle migration
in nanofluids.

One of important forces in studies conducted on nanofluids is
thermophoretic force. A brief review of thermophoresis in gases
reveals that the hydrodynamic theory of thermophoresis in liquids
is an extension of that in gases. Contrary to thermophoresis in
liquids, which is rather new and is scarcely understood,
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thermophoresis in gases has been the subject of study for
approximately 100 years. Despite gases in which thermophoresis
has been properly evaluated and documented, thermophoresis in
liquids has been poorly formulated. Fayolle et al. [68] studied
thermally induced particle flow in a charged colloidal suspension
by a fluid-mechanical approach. From Stokes’ equationwith no-slip
boundary conditions at the particle surface, they presented the
thermophoretic transport coefficients.

Epstein [69] developed an equation for the thermophoretic
velocity of particles suspended in ideal gases. Later Talbot et al. [56]
performed experiments on thermophoresis in heated boundary
layers. The expression proposed by Talbot et al. [56] is applicable to
gases only, but erroneously has been applied by many researchers
for thermophoresis in nanofluids. This can lead to errors in results.

Some other researchers have used the equation introduced by
McNab and Meisen [70] so as to take thermophoresis into consid-
eration. However, this model has been obtained for particle sizes
greater than 1 mm. In spite of the criticism voiced against the
credibility of the McNab-Meisen experimental data, e.g.
Refs. [71,72], this equation has been extensively utilized to predict
thermophoresis in nanofluids. Due to the presence of non-
continuum effects in thermophoresis of nanoparticles, it is ex-
pected that thermophoresis for nanoparticles be dissimilar from
micro-particles.

Some investigators have made an attempt to present a correct
form for considering thermophoresis in nanofluids. In the study
conducted by Eslamian and Ziad Saghir [73], a non-equilibrium
thermodynamic based expression was developed to estimate
thermophoretic velocity in nanofluids. The results suggested that
the general form of this equation is valid for thermophoresis of
nano-sized and even sub-nanometer particles in liquids; however,
the correct prediction of thematching parameter is still unresolved.
Also, the non-equilibrium thermodynamics combined with the
concept of activation energy of viscous is somewhat capable of
estimating thermophoresis coefficient of inert particles and mac-
romolecules of about 1 nm or smaller. The focus of this work was on
thermophoresis in liquids. The findings showed that the expres-
sions of McNab and Meisen [70] and Talbot [56] highly over-
estimate the thermophoresis mobility. It is known that these two
expressions are presently utilized to model thermophoresis in
nanofluids.

The other important force that is considered in the simulation of
nanofluids through the Eulerian-Lagrangian approach is the
Brownian force. In the simulations on the movement of nano-
particles implemented by many researchers, the applied Brownian
force model is the one developed by Li and Ahmadi [57] (Eq. (24)),
which is based on the assumption that the mean square displace-
ment increases linearly with time. Few attempts have beenmade to
present new correlations for the Brownian force in nanofluids.
Dong et al. [74] proposed a new expression to simulate Brownian
force based on the experimental measurements, which follows
white Gaussian noise process. As the time t/0 and the particle
density is equal to the fluid density, the new expression approaches
the classical formula of the model used by many researchers. The
present model was applied in simulating flow and heat transfer in a
channel utilizing aluminaewater nanofluid. The results showed
that the distribution of nanoparticles inside the channel is obvi-
ously unsteady and non-uniform. Moreover, the profiles of velocity
and temperature showed significant fluctuations at low Reynolds
numbers.

Drag force is the other important force which is taken into
consideration in the Eulerian-Lagrangian approach. Although
Stokes-Cunningham drag law (Eq. (20)) has been proposed by
Ounis et al. [54] for submicron particles, a large number of re-
searchers have utilized spherical drag law for nanofluids, which is
applicable only for microparticles.
The other point that needs to be taken into consideration is that

in the analyses conducted on nanofluids in which the Eulerian-
Lagrangian approach has been utilized, the turbulence effects of
flow on particle tracking in turbulent flow regime has not received
due attention. Unlike particle tracking in laminar flow, tracking
particles in turbulent flow requires consideration of turbulent
dispersion of particles. To better address the effect of chaotic nature
of turbulence, the effect of instantaneous turbulent velocity fluc-
tuations on trajectories of nanoparticles should be considered.
Future studies should adopt unsteady tracking in the Lagrangian
domain, or even conduct transient simulations in both Eulerian and
Lagrangian domains. The reason is that turbulence is time depen-
dent and by transient simulation, the flow features are considered
as a function of time. Moreover, a Large Eddy Simulation (LES) is
proposed, because it can provide a view of how particles interact
with large eddies.

The other issue in the Eulerian-Lagrangian simulations con-
ducted on nanofluids is that the interactions of nanoparticles have
been overlooked. In nanofluids, nanoparticles have a random
thermal motion. Therefore, nanofluids are dynamical mediums and
their thermal characteristics depend not only on the nano-
structures in these suspensions but also the dynamics of nano-
particles. Indeed, there are interactions between nanoparticles or
between nanoparticles and liquid molecules, should be taken into
account to develop more realistic models.

The mean distance between the nanoparticles in nanofluids is
not that great. Therefore, the van der Waals force and electrostatic
repulsion force between the nanoparticles can be considerable.
Strong interactions can restrict fluctuations of the nanoparticles,
and vary the effect of micro-mixing on heat transfer.

Employing order-of-magnitude analysis, Kleinstreuer and Feng
[75] showed that interactions between the nanoparticles, such as
van der Waals force and electrostatic repulsion force, should be
considered even for dilute nanofluids. The electrostatic repulsion
force, which is a short-distance force, originates from the overlap of
the electric double layers around the nanoparticles when they
become close to each other. In fact, the energy redistribution
resulting from nanoparticle interactions may contribute to the
enhancement of heat exchange.

Giraldo et al. [76] investigated the flow and thermal behavior of
a nanofluid containing alumina nanoparticles. They considered the
effects of particleeparticle and particleefluid interactions. It was
concluded that particle-particle interactions cause a change in the
velocity and temperature profiles, and consequently, a change in
heat transfer rate.

Vladkov and Barrat [77] modeled the thermal properties of a
nanofluid considering the effects of particle-particle and particle-
fluid interactions. In order to increase the rate of particle-particle
energy transfer, the Lennard-Jones interaction intensity between
the nanoparticles was varied. It was found that the temperature
difference between the particles decreases by a factor of two when
the interaction intensity is increased by a factor of ten. Moreover,
the thermal conductivity was greater for the strong attractive
interactions.

Particle-particle interaction should be considered for the
Eulerian-Lagrangian approach in future investigations, particularly
in great concentrations. This is because when particle concentra-
tion is great, particles might collide more and the effect of particle
collision should not be overlooked. In addition, it should be noted
that, in practice, nanoparticles could form structures such as clus-
ters or become agglomerated that affects particle migration
significantly.

Indeed, the Eulerian-Lagrangian approach can be weak in
simulation of nanofluids with high nanoparticle loading due to the
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inclusion of phenomena such as agglomeration. Generally, the
conventional Eulerian-Lagrangian frame, which is usually applied,
can be insufficient for nanoparticles because of their extremely
small sizes, and therefore, molecular dynamic simulation, Brow-
nian dynamic simulation or solution of Boltzmann transport
equation are necessary. These mentioned alternatives can help to
better understand the migration behavior in nanofluids.
5.2. Studying particle migration via Buongiorno model

Another attempt for considering the effect of particle migration
and reachingmore realistic results for nanofluid characteristics was
made by Buongiorno [51]. He suggested a mathematical model for
nanofluids by taking into account the Brownian motion and ther-
mophoresis. Investigating the nanoparticle migration, Buongiorno
[51] considered seven slip mechanisms such as inertia, Brownian
diffusion, thermophoresis, diffusiophoresis, Magnus effect, fluid
drainage, and gravity. He concluded that of those seven only
Brownian diffusion and thermophoresis are important slip mech-
anisms. Based on this result, Buongiorno developed a two-
component four-equation nonhomogeneous equilibrium model
for mass, momentum, and heat transport in nanofluids. The
nanofluid was treated as a two-component mixture with the
following assumptions:

1 Incompressible flow,
2 No chemical reactions,
3 Negligible external forces,
4 Dilute mixture,
5 Negligible viscous dissipation,
6 Negligible radiation heat transfer,
7 Thermal equilibrium between nanoparticles and base fluid.

Under the above assumptions, the four equations including
nanofluid continuity, nanoparticle continuity, nanofluid mo-
mentum, and nanofluid energy were written for a steady, two-
dimensional laminar flow as below:

Nanofluid continuity equation:

V$v ¼ 0 (28)

Nanoparticle continuity equation:

vf

vt
þ v$Vf ¼ V$

	
DbVfþ DT

VT
T



(29)

Eq. (29) shows that nanoparticles not only can move homoge-
neously with the fluid (second term of the left-hand side), but also
have a slip velocity relative to the fluid (right-hand side), which is
due to Brownian diffusion and thermophoresis.

Nanofluid momentum equation:

r

	
vv
vt

þ v$Vv


¼ �VP � V$t (30)

Note that Eq. (30) is similar to the momentum equation for a
pure fluid. The stress tensor t can be evaluated assuming the
Newtonian behavior and incompressible flow:

t ¼ �m
h
Vv þ ðVvÞt

i
(31)

where the superscript t refers to the transpose of Vv.
If viscosity is constant, Eq. (30) becomes the common Navier-

Stokes equation. However, viscosity significantly depends on f

and therefore, Eqs. (29) and (30) are coupled.
Nanofluid energy equation:
rcp
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Eq. (32) indicates that heat may be transported via convection
(second term on the left-hand side), via conduction (first term on
the right-hand side), and also via virtue of nanoparticle diffusion
(second and third terms on the right-hand side). The last two terms
on the right-hand side explain the additional contribution caused
by nanoparticle migration. It should be noted that the conservation
equations are strongly coupled. Indeed, v depends on f via vis-
cosity; f depends on Tmostly owing to thermophoresis; T depends
on f via thermal conductivity and also via the Brownian and
thermophoretic terms in the energy equation; f and T clearly
depend on v owing to the convection terms in the nanoparticle
continuity equation and energy equation, respectively.

The difference of Buongiorno model with single-phase tradi-
tional ones is the existence of the nanoparticle continuity equation,
i.e., Eq. (29); as mentioned before, this equation states that nano-
particles can, as a result of thermophoresis and Brownian diffu-
sions, have slip velocity relative to base fluid. This slip phenomenon
makes a non-uniform particle distribution which results in the
non-uniform distributions of thermal conductivity and viscosity,
and can decrease thermal boundary layer thickness.

In fact, Buongiorno developed this model to clarify the anom-
alous convective heat transfer in nanofluids and so eliminate the
limitations of the homogeneous and dispersion models. He pro-
claimed that the anomalous heat transfer occurs due to particle
migration. The Buongiorno model has been applied by several re-
searchers and for different issues such as Tzou [78] for the study of
nanofluid Bernard convection, Kuznetsov and Nield [79] to evaluate
the effect of nanoparticles on the natural convection boundary
layer flow past a vertical plate, Hwang et al. [44] for the investi-
gation of laminar forced convection, and Nield and Kuznetsov [80]
for the evaluation of thermal instability in a porous medium layer
saturated by nanofluids.

Schio et al. [81] investigated a nanofluid laminar forced con-
vection in a paralleleplane channel. They solved the fullyeelliptic
coupled equations proposed by Buongiorno in order to assess the
thermal behavior of the nanofluid. Two sample cases were inves-
tigated in detail: a linearly changing wall temperature, and a
sinusoidally changingwall temperature. The analysis showed that if
a linearly varying boundary temperature is assumed, the concen-
tration field depends very weakly on temperature distribution. On
the other hand, in case of a longitudinally periodic boundary
temperature, non-homogeneity in the concentration distribution
arises, which is wrongly neglected in the homogeneous model.
Eventually, the authors claimed that thermophoresis and Brownian
diffusion may display non-negligible, or even important, effects in
realistic cases.

Sheremet et al. [82] presented natural convection heat transfer
in a porous enclosure filled with a nanofluid using the model
proposed by Buongiorno. The governing equations were solved by
finite difference method. It was found that low Rayleigh and Lewis
numbers and high thermophoresis parameter reflect essential non-
homogeneous distribution of nanoparticles inside the cavity.

Bahiraei et al. [83] investigated the particle migration effects on
nanofluid heat transfer via Buongiorno model considering Brow-
nian and thermophoretic forces. The results showed that at greater
volume fractions, the effect of wall heat flux change is more sig-
nificant on nanofluid heat transfer, whereas this effect decreases at
higher Reynolds numbers. In addition, the average convective heat
transfer coefficient raised by increasing the Reynolds number and
volume fraction. Considering the particle migration effects, higher
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heat transfer coefficient was obtained and also the concentration at
the tube center was higher in comparison with the wall vicinity.

Elshehabey et al. [84] carried out a numerical investigation to
study Buongiorno model for MHD mixed convection of a cavity
filled with nanofluid. A sinusoidal temperature on both vertical
sides was considered, and the horizontal walls were kept adiabatic.
The results demonstrated that the presence of an inclinedmagnetic
field leads to the loss of fluid movement. Moreover, the fluid flow
was dominated by the movement of the upper wall in the case of
the highest values of the buoyancy ratio.

Maghrebi et al. [85] evaluated the effects of migration of
nanoparticles on heat transfer in a channel occupied with a porous
medium. The nanofluid was treated as a two-component mixture
as discussed by Buongiorno. It was presumed that nanoparticles are
distributed non-uniformly inside the channel. The concentration
distribution did not change significantly with variation of Lewis
number. Moreover, increasing the thermophoretic parameter led to
an increase in volume fraction of particles, and also caused particles
to migrate to the channel center.

Qasim et al. [86] investigated heat transfer andmass diffusion in
nanofluid over a permeable moving surface via Buongiorno model.
The surface exhibited convective boundary conditions and constant
mass diffusion. The shooting technique was implemented for the
numerical solution. It was found that an increase in Brownian
motion parameter increases the concentration in boundary layer
whereas an increase in thermophoresis parameter causes a
decrease in the concentration.

Kozlova and Ryzhkov [87] assessed laminar convective heat
transfer of water-alumina nanofluid in a tube under uniform wall
heat flux. The investigationwas performed numerically on the basis
of Buongiorno model. The influence of nanoparticle migration on
the heat transfer was analyzed comparatively. They suggested the
following expression for thermophoretic mobility, and the intensity
of thermophoresis was characterized by this new empirical model:

DT ¼ a
bT
mf

kf
2kf þ kp

(33)

where bT denotes the thermal expansion coefficient, and a is the
proportionality coefficient which is chosen such that the order ofDT

must correspond to the experimental data.
The authors argued that their proposed model for thermopho-

resis presents more precise results compared to the previous
model. It was concluded that the effect of thermophoresis on heat
transfer is rather weak since concentration varied only in the thin
boundary layer near the wall.

Bahiraei et al. [88] evaluated the hydrothermal characteristics of
the water-TiO2 nanofluid within an annulus considering the effects
of particle migration. The Buongiorno model was applied and the
four coupled equations were numerically solved. The convective
heat transfer coefficients increased at both inner and outer walls of
the annulus by raising the concentration. Moreover, along the
annulus, the friction coefficient decreased more rapidly at lower
Reynolds numbers. Taking particle migration into account, a non-
uniform concentration distribution was observed at the annulus
cross section; higher heat transfer coefficients were obtained at
both walls; and the velocity profile became flatter. In addition, the
effect of thermophoresis on the convective heat transfer proved to
be more significant than that of Brownian diffusion.

Sheremet et al. [89] performed a numerical investigation on the
unsteady natural convection of a water based nanofluid within a
wavy-walled cavity under the influence of a uniform inclined
magnetic field using the model proposed by Buongiorno. The left
vertical wavy and right vertical flat walls of the cavity were kept at
constant but different temperatures whereas the top and bottom
horizontal walls were adiabatic. Isoconcentrations, illustrated in
this research, revealed that distribution of nanoparticles is non-
homogeneous for the developed heat conduction regime.

A numerical study was conducted by Garoosi et al. [90] using
Buongiorno model concerning natural and mixed convection heat
transfer of nanofluid in a two-dimensional square cavity with
several pairs of heat source-sinks. The configuration of the problem
and locations of heat source-sinks along with streamlines, iso-
therms and contour of nanoparticle distribution have been illus-
trated in Fig. 7 for Ra ¼ 105. It was found that at high Richardson
numbers and low Rayleigh numbers, the particle distribution is
fairly non-uniform. Moreover, the thermophoretic effects were
negligible for nanoparticles with high thermal conductivity. The
authors argued that in such conditions, the use of single-phase
models is valid at any Rayleigh and Richardson numbers.

Some investigations dealt with finding analytical solution for
Buongiorno equations through Homotopy Analysis Method (HAM).
HAM is a robust analytic approach to solve ordinary and partial,
linear and nonlinear differential equations. HAM was presented by
Liao in 1992 [91]. HAM can be employed to weak and strong
nonlinear phenomena as it is independent of small physical
parameter limitations.

Habibi Matin and Ghanbari [92] investigated the mixed con-
vection of nanofluids in a vertical channel with the constant tem-
perature walls using the model proposed by Buongiorno. The
governing equations were solved using the HAM, and the results
were validated with the numerical outputs. The volume fraction in
the region close to the cold wall was maximum and diminished to
reach a minimum value near the hot wall. In spite of the decreasing
effect of Gr/Re on the volume fraction, the increase of Brinkman
number led to an increase in the volume fraction across the
channel.

Zhu et al. [93] analyzed the effects of second order velocity slip
and nanoparticle migration for nanofluid flow between two
rotating parallel plates by means of Buongiorno model employing
HAM. It was concluded that heat transfer rate decreases when the
ratio of Brownian motion to thermophoresis diffusion becomes
larger.

Nadeem and Hussain [94] examined the nanoparticle effect on
boundary layer flow of Williamson nanofluid over a stretching
surface. The governing equations proposed by Buongiorno were
analytically solved using HAM. It was shown that wall temperature
gradient increases with an increase in Lewis number and propor-
tion of Brownian diffusivity to thermophoretic diffusivity.

The nanofluid laminar flow and heat transfer in a vertical
channel were investigated by Fakour et al. [95]. By means of a new
set of similarity variables, the governing equations proposed by
Buongiorno were reduced to a set of three coupled equations with
an unknown constant, whichwere solved by the HAM. This analysis
showed that nanoparticles can improve the heat transfer charac-
teristics significantly. It was also found that Pr number plays a key
role in the profiles of temperature, velocity and concentration. In
addition, the buoyancy force had a negative effect on fluid motion
in boundary layer, which encumbered the velocity increment near
the wall, while the velocity profiles near the channel center
increased with the requirement of the mass flux conservation.

Habibi Matin et al. [96] evaluated the effects of thermophoresis
and Brownian motion on heat transfer of nanofluids between two
rotating cylinders. The model proposed by Buongiorno was used to
take into consideration the effects of particle migration. An exact
solution for the velocity distribution was presented, and the HAM
was employed to obtain the temperature field. The results obtained
from the HAM were validated with the results of a numerical so-
lution. It was found that with an increase in the angular velocity of



Fig. 7. The configuration of the problem and locations of heat source-sinks along with streamlines, isotherms and contour of nanoparticle distribution for Ra ¼ 105 [90]. Reprinted
with permission from Elsevier.
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outer cylinder, the volume fraction in the annulus falls down.
Moreover, by increasing the Brownian motion parameter or
decreasing the thermophoresis parameter, the Nusselt number of
the inner cylinder decreased.

Khan et al. [97] evaluated the boundary layer flow and heat
transfer to Sisko nanofluid over a nonlinearly stretching sheet. The
HAM was applied in order to solve the coupled nonlinear differ-
ential equations (Buongiorno model) analytically. The results
showed that the temperature distribution was an increasing func-
tion of thermophoresis and Brownian motion, and concentration
distribution increased with thermophoresis but decreased with
Brownian motion.

To fully account for the effects of nanoparticle distribution on
the continuity, momentum and energy equations, the Buongiorno
model was modified by Yang et al. [98]. The Boungiorno model was
modified in a way to include the nanofluid density in the conser-
vation equations. Since the density significantly depends on
nanoparticle concentration, the model can entirely consider the
influences of concentration distribution. Therefore, it has the
advantage of considering non-uniform profiles of thermophysical
properties compared to its original form.

By considering the density, the modified equations for mass,
momentum and energy can be written as below:
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In this study, Yang et al. [98] investigated forced convective heat
transfer of nanofluids in an annulus. It was found that Nusselt
number has optimal bulk mean volume fraction value for alumina-
water nanofluids, whereas it only increases monotonously with
bulk mean volume fraction for titania-water nanofluids.

The modified two-component four-equation nonhomogeneous
equilibrium Buongiorno model proposed by Yang et al. [98] has
been employed by some investigators. Malvandi and Ganji [99]
employed the modified Buongiorno model to investigate the
convective heat transfer of alumina-water nanofluid inside a
microchannel in the presence of a magnetic field. Because of the
microscopic roughness in microchannel and also the non-
adherence of the fluid-solid interface in the presence of nano-
particle migration, known as slip condition, the Navier’s slip
boundary condition was considered. The results indicated that
nanoparticles migrate from the heated walls towards the core re-
gion, and construct a non-uniform distribution. In addition, the
ratio of the Brownian diffusivity to thermophoretic diffusivity has
relatively significant effects both on the distribution of nano-
particles and heat transfer. It was further observed that the volume
fraction is more uniform for smaller nanoparticles.

Moshizi et al. [100] investigated convective heat transfer and
pressure drop of Al2O3-water nanofluid inside a concentric pipe
with constant wall heat flux usingmodified Buongiornomodel. The
results revealed that nanoparticles move from the wall with higher
heating energy towards the wall with lower heating energy due to
the thermophoretic force. Moreover, the changes of the heat
transfer coefficient in the case of heat generation was much more
than that in the case of heat absorption. The geometry and coor-
dinate systems of the annulus used in this study are shown in Fig. 8,
in which the inner and outer pipe radii correspond to Ri and Ro,
respectively. Moreover, h is defined as below:

h ¼ 1� r
Ro

(38)

Fig. 9 illustrates the effect of bulk mean volume fraction fB on
volume fraction distribution f/fB, temperature, and velocity, for a
range of fB ¼ 0 to 0.1. In Fig. 9a, a downward trend for the volume



Fig. 8. The geometry and coordinate systems of the annulus [100]. Reprinted from S.A.
Moshizi, A. Malvandi, D.D. Ganji, I. Pop, A two-phase theoretical study of Al2O3-water
nanofluid flow inside a concentric pipe with heat generation/absorption, International
Journal of Thermal Sciences 2014; 84: 347e357. Copyright (c) 2014 Elsevier Masson
SAS. All rights reserved.
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fraction in themiddle region is observed by increasing fB; however,
this trend is vice versa at the walls. The volume fraction increment
near the outer wall is greater than that near the inner wall. An
increase in fB near the outer wall leads to an increase in the vis-
cosity in that region. Therefore, the shear stress increases on the
outer wall which results in shifting the peak of the velocity towards
the higher heated surface (outer wall), as observed in Fig. 9c. This
increase in the dimensionless velocity near the walls decreases the
dimensionless temperature there, as depicted in Fig. 9b.

Applying the modified Buongiorno model, Malvandi and Ganji
[101] investigated convective heat transfer of alumina-water
nanofluid inside a parallel plate channel. The upper wall was sub-
jected to a heat flux while the bottom wall was kept adiabatic.
Moreover, due to nanoparticle migration, the no-slip condition of
the fluidesolid interface at the walls was abandoned in favor of a
slip condition that appropriately represents the non-equilibrium
region near the interface. The results indicated that the nano-
particle distribution is non-uniform such that nanoparticles move
Fig. 9. The effect of bulk mean volume fraction fB on volume fraction distribution f/fB, temp
A two-phase theoretical study of Al2O3-water nanofluid flow inside a concentric pipe with he
Copyright (c) 2014 Elsevier Masson SAS. All rights reserved.
from the adiabatic wall toward the cold wall. Moreover, the
anomalous heat transfer rate occurred when Brownianmotion took
control of nanoparticle migration (i.e. for smaller nanoparticles).

Hedayati and Domairry [102] investigated the forced convection
of TiO2ewater nanofluid in a parallel plate microchannel using
modified Buongiorno model. Slip condition was used at the fluid-
esolid interface. Considering Brownian motion and thermopho-
resis, the effects of nanoparticle transport on the profiles of
concentration and velocity were analyzed for three different heat
flux ratios of the lower to the upper walls (ε). As can be observed
from Fig. 10a, when ε is unity, as thermophoresis effect is equal
from both sides, a symmetric concentration profile is obtained.
However, because thermophoresis increases the migration of par-
ticles in the opposite direction of the temperature gradient, when
ε < 1 (i.e. heat flux from the upper wall is greater), the concentra-
tion value will be higher near the lower wall (Fig. 10b). In addition,
it is seen that for asymmetric concentration, the peak velocity shifts
towards the upper wall because of an increase in the local viscosity
near the lower wall.

Although various studies have indicated that Buongiorno model
presents realistic results in comparison with experimental results,
however, it is worth to note that this model has been developed
based on assumptions such as negligible external forces, dilute
mixture, negligible viscous dissipation, as well as presence of
thermal equilibrium between nanoparticles and base fluid. Thus,
these assumptions should be considered when this model is used
for simulation. For instance, thermal equilibrium may not be pre-
sent between phases in some special conditions. Additionally, this
model overlooks the effect of factors such as gravity, while several
studies (for instance [64]) have emphasized the importance of
gravity on nanofluid characteristics.
6. Molecular dynamics simulation

Molecular Dynamics (MD) simulation is one of the most useful
atomistic modeling approaches. It is employed for simulating the
molecular or atomic interactions at nanoscale, in which continuum
based techniques are not applicable but a quantum mechanical
method is not necessary. Indeed, it can be an effective way for
evaluating the microscopic mechanisms of flow characteristics and
heat transfer in nanofluids.

The basic principle of MD technique is solving molecular or
erature, and velocity [100]. Reprinted from S.A. Moshizi, A. Malvandi, D.D. Ganji, I. Pop,
at generation/absorption, International Journal of Thermal Sciences 2014; 84: 347e357.



Fig. 10. Concentration distribution for different heat-flux ratios: (a) ε ¼ 1, and (b) ε < 1 [102]. Reprinted with permission from Elsevier.
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atomic Newton equations of motion considering impacts of inter-
action potential between molecules or atoms and external re-
strictions. By this approach, the time-evolving microscopic process
of system is simulated, and equilibrium factors and transport
characteristics can be statistically computed. Such a technique has
already proved its effectiveness, at least concerning the micro-
scopic mechanisms responsible for thermodiffusion in academic
systems such as binary mixtures [103], molecular fluids [104],
reactive mixtures [105], associative polymers [106], ionic systems
[107], fluids in porous media [108], and polymer [109].

Many studies based on MD simulation of liquids have been
presented; however, few of them have concentrated on the inves-
tigation of nanofluid characteristics. Galliero and Volz [110] pro-
posed a new algorithm to compute single nanoparticle
thermodiffusion using nonequilibrium MD simulation. It was
observed that the nanoparticle migrates toward the cold area. The
single particle thermal diffusion coefficient was independent of the
nanoparticle size, whereas it was inversely proportional to the
viscosity. The mass diffusion coefficient behavior appeared to be
consistent with a Stokes-Einstein-like law.

Hu et al. [111] performed MD simulations to study friction
property differences between base fluids and nanofluids in shear
flow field. The results revealed that with the increase of load, liq-
uidesolid transitions happen for both base fluids and nanofluids.
The transition pressure for nanofluids was higher than that of the
base fluid and the nanofluids displayed excellent friction-reducing
properties when the load was high.

Cui et al. [112] investigated the movements of nanoparticles in
base fluid through MD approach. By comparing the time periods of
nanoparticle moving and heat diffusing, the movements of nano-
particles were found to be effective for heat transfer in nanofluids.
Additionally, the effect of rotation of nanoparticles on heat transfer
was proved to be comparable with translational movements. Fig. 11
illustrates MD model for nanofluid flow in the near-wall region.
Along z-axis (the shearing velocity direction), the nanoparticles are
almost flowing along with the base fluid. In the shearing velocity of
50 m/s, the average translational velocity components for nano-
particles A, B, C, were obtained to be 10 m/s, 25 m/s, 38 m/s,
respectively. Along x- and y-directions, the average translational
velocity components were �2 m/s ~2 m/s.

Lv et al. [113] developed impact and friction model of nanofluid
for MD simulation which consists of two Cu plates and CueAr
nanofluid. The Lennard-Jones potential function was adopted to
deal with the interactions between atoms. In the friction process,
nanoparticles showed motions of rotation and translation, but
affected by the interactions of nanoparticles, their rotation was
trapped during the compression process. In addition, nanoparticles
showed obvious aggregation phenomenon, and the effect of ag-
gregation was more obvious with the pressure increment.

Cui et al. [114] used MD simulation to study the flow behavior of



Fig. 11. MD simulation model for nanofluid flow in the near-wall region [112].
Reprinted with permission from Elsevier.
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nanofluids confined in a nanochannel under different shear ve-
locities. The nonlinearity degree of velocity profiles as well as the
rotation and translation of nanoparticles intensified with the shear
velocity increment. Fig. 12 depicts the nanoparticle’s translations,
obtained from their study, in x- and y-directions, as well as the
projections under various shear velocities. In the shear velocity of
10 m/s, translations of nanoparticles were insignificant, such that
the maximum displacements were 1.809 nm and 2.400 nm in x-
direction and y-direction, respectively. However, by increasing the
shear velocity, the displacements of nanoparticles became greater.
Thereby, in the shear velocity of 100 m/s, the maximum displace-
ments in x-direction and y-direction were 6.487 nm and 6.064 nm,
respectively.

Bai et al. [115] studied the microscopic mechanism for local flow
enhancement in nanofluids by MD simulation. The results revealed
that the microscopic mechanism for local flow enhancement is
important because the irregular movements of nanoparticles
enhance momentum exchange between fluid molecules and cause
disturbance of base fluid. It was found that the nanoparticles at
different positions have different velocities along the flowing di-
rection, while along the two other directions they have random
translational velocities. This work suggested that the microscopic
Fig. 12. Translation of nanoparticle in x- and y-directions [114].
mechanism of local flow enhancement is the basis of understand-
ing heat transfer enhancement in nanofluids.

Cui et al. [116] investigated the effects of various factors on
thermal conductivity of nanofluids by MD simulation. It was found
that the effective factors can be forecasted by comparing the pro-
portion of energetic atoms containing in different nanoparticles. By
tracking nanoparticles, it was illustrated that the nanoparticles
move and rotate due to the bombardment of fluid molecules. The
translational velocities of spherical nanoparticles were larger than
those of cylindrical nanoparticle. The authors postulated that
compared to displacement, the rotation of nanoparticles is more
conducive to accelerating micro convection in the base fluid.

Lou and Yang [117] studied the particle size, concentration, and
temperature dependence of the shear viscosity of Al2O3 nanofluids
using equilibrium MD simulation. The nanofluid system was
considered with a cubic cell of 30.0 Å in length. The Al2O3 particles
were extracted by carving a sphere out of a-Al2O3 crystal. The Al
and O atoms were arranged alternatively on the particle surface.
The particles were then randomly placed in the cell and the rest of
the space was occupied by water molecules. A snapshot of the
model has been illustrated in Fig. 13. Larger viscosity was achieved
for the nanofluids with smaller particle size, higher concentration,
and lower temperature. The increased viscosity was attributed to
the particleewater interaction.

Li et al. [118] investigated the molecular layering at liquid-solid
interface in a nanofluid by equilibrium MD simulation. By tracking
the positions of the nanoparticle and the liquid atoms around the
nanoparticle, it was found that an absorbed slip layer is formed at
the interface between the nanoparticle and liquid. Fig. 14 illustrates
the position of the nanoparticle atoms and the selected liquid
atoms at four different times. In order to evidently observe the
trends of movements, only a small number of molecules have been
shown. Through observation of the position change of the atoms in
Fig. 14, it can be noticed that most liquid atoms near the nano-
particle surface always move with the nanoparticle, even though
some atoms may move away from the nanoparticle surface. It was
concluded that a thin layer of liquid is really formed at the interface
of nanoparticle and liquid.

Some investigators employed Brownian dynamic simulation
instead of MD simulation in their studies. Nanoparticles are larger
than base fluid molecules and therefore, move much slower. On the
other hand, the length scale of the motion of nanoparticles is much
greater than that of base fluid molecules. In MD simulation, any
applied method has to contain a large range of time scales. Longer
Fig. 13. A snapshot of Al2O3 particles (grey balls) in a cubic box filled with water [117].
Reprinted with permission from Elsevier.



Fig. 14. The position of the nanoparticle and the liquid atoms at four different times [118]. Reprinted with permission from Elsevier.
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time steps cannot be applied because it will result in an overlap of
fluid particles and, therefore, erroneous results. On the other hand,
smaller time steps would need a very long run to allow the com-
plete evolution of slower mode. In Brownian dynamic simulation,
however, the fluid molecules are omitted from the simulation and
therefore, short-time-scale motions do not have to be calculated. In
fact, the effect of hydrodynamic interactions mediated by the host
fluid is considered through a spatial friction tensor. Thus, the vol-
ume of calculations decreases significantly in this method in
comparison with MD approach.

Saveyn et al. [119] determined accurate particle size distribution
by nanoparticle tracking analysis based on 2-D Brownian dynamics
simulation. A physical model was introduced to simulate the
average step length distribution during nanoparticle tracking
analysis as a function of the particle size distribution and the dis-
tribution of the number of steps within the tracks. Considering only
tracks of at least five steps, numerical simulation could be replaced
by a normal distribution approximation. According to this model,
simulation of a step length distribution allows obtaining a much
more reliable estimation of the particle size distribution.

Jain et al. [120] used the Brownian dynamic simulation coupled
with the Green-Kubo model in order to compute the thermal
conductivity of nanofluids. The authors claimed that Brownian
dynamic simulation is a better alternative to computationally
expensive MD simulation. The findings displayed that Brownian
motion of the particles is the most important factor in the
enhancement of nanofluid thermal conductivity.

Zhang and Xiang [121] used Brownian dynamics simulations to
investigate the adsorption behavior of a nanosized particle in
polymer brushes. The adsorption process, the dynamic behavior of
the nanoparticle, the penetration depth, the diffusion coefficient of
the nanoparticle in different depths, and the forces exerted on the
nanoparticle were investigated. It was shown that the behavior of
the force curve is a result of the competition of attractive interac-
tion and steric repulsion between the nanoparticle and polymer
molecules.

Gupta and Kumar [122] carried out Brownian dynamic simula-
tion of a nanofluid in which the interparticle potential was deter-
mined based on Debye length and surface interaction of the fluid-
solid. It was shown that Brownian motion can increase nanofluid
thermal conductivity by 6% primarily due to random walk motion
and not only through diffusion.

Generally speaking, during recent years, MD simulation has
been implemented to predict thermal characteristics of nanofluids,
such that it has provided comprehensive information about heat
transfer mechanisms at nanoscale. The MD technique is a powerful
method that simulates the behavior of materials and, through that,
the trajectory and movements of atoms, molecules, and nano-
particles can be determined. Furthermore, it can predict thermo-
physical properties by assuming an appropriate potential between
particles. However, there are some limitations in MD technique
such as number of particles and time of simulation. In fact, it is
unrealistic to deploy full MD simulations to investigate flows at
micro- and nano-scales as computational time and volume increase
considerably. It should be noted that inaccuracy of the continuum
description is frequently confined to partial domains, such as flu-
idefluid or fluidesolid interfaces. Therefore, it is not necessary to
use MD method in all regions and it is appropriate to apply hybrid
techniques that combine continuum fluid dynamics and MD
simulation. It is thus necessary to pay greater attention to hybrid
techniques for nanofluids in future studies.

The other issue that should be noted is that in simulations
performed using MD method, researchers have often modeled the
problems using many simplifying assumptions. Indeed, the inter-
action of nanoparticle surface and fluidmolecules is really complex,
and is profoundly dependent on nanoparticle surface, surface en-
ergy content resolution, orientation, texture and dynamics of
nanoparticle. The simplified models commonly assume a circular
nanoparticle in 2D simulation or a spherical nanoparticle in 3D
simulation. It is also assumed the linear transfer of energy through
a nanoparticle with uniform surface energy content, ignoring the
effects of surface texture and spin. Therefore, the findings obtained
from MD simulation existing in the literature may have been
influenced by these assumptions. As a conclusion, there is an
essential need to apply types ofMD simulations inwhich the fewest
number of simplifying assumptions are applied on one hand, and
the volume of computations is not increased significantly on the
other hand. In future, thesemodels can provide detailed knowledge
about heat transport mechanisms in nanofluids.

7. The viscosity of nanofluids considering particle migration

Due to modification in concentration distribution, particle
migration can cause changes in viscosity profile of nanofluids. In
some studies, the effect of particle migration on viscosity has been
evaluated.

Malvandi and Ganji [123] investigated mixed convective heat
transfer of a nanofluid inside a vertical microchannel considering
nanoparticle migration. Their results revealed that nanoparticles
move from the heated walls toward the core region of the channel
and construct a non-uniform nanoparticle distribution. This non-
uniform distribution reduced the viscosity near the wall and
increased it in the core region of the channel.

Ryzhkov and Minakov [124] evaluated laminar convective heat
transfer of waterealumina nanofluid in a circular tube with uni-
form heat flux on the basis of two-component model, which took
into account nanoparticle transport. It was shown that the reduc-
tion of volume fraction in the boundary layer, caused by particle
migration, decreases the viscosity of nanofluid near the wall. The
viscosity reduction led to the increase of velocity adjacent to the
wall.

Bahiraei et al. [125] used the thermal dispersion model to
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simulate heat transfer of watereAl2O3 nanofluid considering the
effects of particle migration. The nanofluid viscosity in their study
showed a non-uniform distribution due to the non-uniform con-
centrationwhere this non-uniformity was intensified by raising the
Reynolds number. Regarding the significant importance of the
viscosity value near the wall and its effect on pressure drop, the
authors claimed that lower viscosity near the wall can affect the
pressure drop positively in comparison with uniform
concentration.

Masoumi et al. [126] developed a theoretical model for nano-
fluid viscosity with the consideration of the Brownian motion. The
model (Eq. (39)) was further confirmed by Kole and Dey [127] and
Peyghambarzadeh et al. [128].

m ¼ mf þ
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where d and Vb represent distance between the particles and the
Brownian velocity of the nanoparticles, respectively. They can be
obtained from equations below:
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C is defined as:
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where

c1 ¼ �0.000001133 , c2 ¼ �0.000002771, c3 ¼ 0.00000009 ,
c4 ¼ �0.000000393.
8. The role of particle migration due to Brownian motion in
thermal conductivity

Many authors [129e131] have claimed that the great thermal
conductivity of nanofluids is due to hydrodynamic effects of
Brownian motion of nanoparticles. These authors argued that each
Brownian particle causes a long velocity field in the surrounding
fluid, similar to that is present around a particle moving with a
constant velocity, that declines approximately as the inverse of
distance from center of particle. In fact, since the mass of fluid
molecules is very small in comparison to that of nanoparticles, the
impacts of individual molecular collisions on the particles are mi-
nor. However, the number of molecular impacts per unit time is
very large and their aggregate impact can be significant on the
motion of fine particles.

In most investigations, the observed enhancements for thermal
conductivity of nanofluids are far beyond the predictions of the
effective medium approximation. Therefore, researchers have tried
to renovate the effective medium approximation by including other
mechanisms especially Brownian motion of nanoparticles.

Although some researchers indicated that the effect of Brownian
motion on thermal conductivity of nanofluids is minor [132e134],
several correlations for thermal conductivity of nanofluids based on
Brownian motion have been developed [129,135,136].

Many studies have emphasized the significant role of Brownian
motion. Azizian et al. [137] performed a set of experiments on
titanium dioxide-water nanofluids to consider the effect of material
on Brownian motion. The findings indicated that Brownian motion
is the dominant mechanism responsible for the observed en-
hancements in thermal conductivity. It was observed that the
relation between the particle loading and thermal conductivity
follows a parabolic profile.

Considering Brownian motion of nanoparticles, Xiao et al. [138]
developed an analytical model for thermal conductivity of nano-
fluids. The formula of thermal conductivity was given by taking into
account the fractal distribution of nanoparticles. It was found that
nanofluid thermal conductivity for smaller particles was larger
than that for bigger particles.

Wang et al. [139] suggested a model considering the roles of
Brownian motion and nanolayer at the particle-fluid interface to
predict the thermal conductivity and its temperature dependence
of nanofluids. It was shown that Brownian movement and tem-
perature dependence of viscosity are responsible for thermal con-
ductivity enhancement.

Some researchers have evaluated the effect of micro-convection
due to Brownian motion on thermal conductivity in nanofluids.
Mallick et al. [131] developed a newmodel for thermal conductivity
of nanofluids by employing Prandtl, Reynolds and Brinkman
numbers, representing the effects of micro-convection, localized
turbulence and the ratio of heat transfer by diffusion to conduction
for particle and fluids. Assessment of this newmodel by comparing
the predicted results against experimental data showed that the
model is within 5% accuracy for a wide range of data.

Nabi and Shirani [140] considered Brownian motion induced
micro-convection to model the thermal conductivity of nanofluids.
The authors modified the conventional equations, and derived an
equation for thermal conductivity, which is a combination of
Brownian motion thermal conductivity for both aggregates and
single particles.

Prasher et al. [141] showed through an order-of-magnitude
analysis that enhancement in thermal conductivity of nanofluids
is mainly due to the convection caused by Brownian movement of
nanoparticles. They also introduced a convective-conductive model
which accurately captures the effects of particle size, choice of base
liquid, thermal interfacial resistance between particles and liquid,
temperature, and so forth. Their model was a combination of the
Maxwell-Garnett conduction model and convection caused by
Brownian movement. The model showed that the lighter the
nanoparticles, the greater the convection effect in the liquid,
regardless of nanoparticle thermal conductivity.

Some other researchers claimed that Brownian motion does not
exert a great effect on thermal conductivity of nanofluids. Evans
et al. [134] used a kinetic theory for suspensions of nanoparticles
and demonstrated that the hydrodynamic effects associated with
Brownian motion have only a minor effect on thermal conductivity
of nanofluids. They supported their argument with the results of
MD simulations of a model nanofluid. It was found that heat
transport via a conduction mechanism is much faster than nano-
particle motion. The authors indicated that the thermal conduc-
tivity of a nanofluid with well dispersed nanoparticles is well
described by the effective medium theory.

The effect of Brownian diffusion on nonequilibrium heat con-
duction in a nanofluid layer with periodic heat flux on one side and
specified temperature on the other side was numerically investi-
gated by Zhang et al. [142]. The results showed that Brownian
diffusion only affects nanoparticle temperature, but its effect on
heat transfer is negligible.

Shima et al. [143] investigated the role of micro-convection
induced by Brownian motion of nanoparticles on thermal con-
ductivity of nanofluids. Their findings demonstrate that micro-
convection is not the key mechanism responsible for thermal
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conductivity enhancement in nanofluids whereas aggregation has a
more prominent influence.

Loulijat et al. [132] showed the influence of the solidesolid
intereatomic potential type on the thermal conductivity of the
AreCu nanofluid. They concluded that the Brownian motion of the
Cu nanoparticles has less importance role in the thermal conduc-
tivity enhancement.

In general, the existing contradictions in this field show that the
role of Brownianmotion on heat transfer improvement is still being
debated and requires serious studies. The investigations about the
effect of Brownian motion on the characteristics of nanofluids have
resulted in an open inconsistency. The lack of experimental data on
the issue contributes to the uncertainty surrounding the problem.
The disagreement may only be solved through definitive experi-
ments and analyses, which consider not only the movement of
particles, but also the induced motion of the fluid and all the
transient effects in the fluid. Moreover, accurate numerical simu-
lations that consider all the relevant variables would be helpful to
resolve this open question.

9. The effect of stabilizers on the particle migration and
stability of nanofluids

In nanofluids, nanoparticles have the tendency to aggregate due
to the great surface area and surface activity. The agglomeration of
nanoparticles causes not only the settlement and clogging of ducts
but also reducing the thermal conductivity. Therefore, the investi-
gation of stability is an important issue that affects the properties of
nanofluids, and it is essential to assess effective factors on the
dispersion stability of nanofluids. The concept of stability is that the
particles do not aggregate at a substantial rate. Generally, the ag-
gregation rate is evaluated by the frequency of collisions and the
possibility of cohesion during collision.

One important method to improve the stability of nanoparticles
in liquids is the implementation of surfactants. Surfactants can
significantly affect the surface characteristics. They include a hy-
drophobic tail portion, usually a long-chain hydrocarbon, and a
hydrophilic polar head group. Surfactants are implemented to
enhance the contact of two materials, occasionally known as
wettability.

Derjaguin, Verway, Landau, and Overbeek (DVLO) presented a
theory which deals with colloidal stability [144]. DLVO theory in-
dicates that the stability of a particle in suspension is determined
by the sum of van der Waals attractive and electrical double layer
repulsive forces that exist between particles. If the attractive force
is greater than the repulsive force, the two particles will collide, and
thus, the suspension will not be stable. If the particles have an
enough high repulsion, the suspension will have a stable state.

In relation to the kinds of repulsion, the fundamental mecha-
nisms that affect stability of nanofluids are divided into two types,
one is steric repulsion, and another is electrostatic repulsion (see
Fig. 15). About steric stabilization, polymers are involved into the
suspension, and they will adsorb onto the particles surface,
developing an additional steric repulsive force. About electrostatic
stabilization, surface charge will be created using one or more of
the mechanisms below:

- Isomorphic substitution of ions
- Preferential adsorption of ions
- Accumulation or depletion of electrons at the surface
- Dissociation of surface charged species
- Physical adsorption of charged species onto the surface.

Several studies have been performed about effects of different
surfactants on stability of nanofluids. Xia et al. [146] prepared
Al2O3ewater nanofluids of different volume concentrations with
various surfactant mass fractions. Effects of two kinds of surfac-
tants, sodium dodecyl sulphate (SDS) and polyvinylpyrrolidone
(PVP), on the stability of the nanofluid were analyzed. The results
revealed that surfactant plays an important role in dispersing the
nanoparticles into the base fluid and improving the stability of the
nanofluid. Non-ionic surfactant PVP showed better positive effects
than anionic surfactant SDS on the dispersion and stability of the
nanofluid.

Yang et al. [147] prepared a nanofluid by adding Al2O3 nano-
particles with sodium dodecyl benzene sulfonate (SDBS) in the
ammonia-water solution. The dispersion stability of the nanofluid
in different mass fractions of surfactant was investigated by the
light absorbency ratio indexmethods. The results showed that with
the increasing mass fraction of surfactant, the stability of the
nanofluid is exacerbated firstly, then is improved, and then is
exacerbated again. In this study, the surfactant mass fractions
required in the preparation of the nanofluid were calculated by
simplifying the dispersion models, and the results were in agree-
ment with experimental results.

10. Investigating nanoparticle migration in some fascinating
topics

Some research studies have investigated the role of particle
migration in several interesting topics that will be introduced in the
following sections.

10.1. Nanoparticle migration in the presence of a magnetic field

Particle motion and heat transfer rate in nanofluids can be
controlled applying magnetic fields. This has attracted many re-
searchers’ attention. Some of these researchers have studied
nanoparticle migration under the effect of magnetic fields.

Wu et al. [148] applied a magnetic field using a permanent
magnet and showed increased migration of nanoparticles into the
fluid channel. Particle velocities were estimated frommagnetic and
hydrodynamic interaction forces. It was shown how particle sepa-
ration is affected by Peclet number, channel length to width ratio,
and magnetic field strength. The main finding showed that in the
presence of a magnetic field, particle migration is much greater
than that predicted by theory.

Sheikholeslami et al. [149] investigatedMHD effect on nanofluid
natural convection in an enclosure. The transport equations took
into account the effects of Brownian motion and thermophoresis.
The Navier-Stokes equations in vorticity-stream function formwere
used to simulate the flow pattern, isotherms and concentration.
The results indicated that Nusselt number is an increasing function
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of buoyancy ratio number but it is a decreasing function of Lewis
number. Moreover, the concentration boundary layer thickness
near inner wall increased by Hartmann number increment.

Bahiraei and Hangi [150] investigated numerically the perfor-
mance of water based MneZn ferrite magnetic nanofluid in a
doubleepipe heat exchanger under quadrupole magnetic field
(Fig. 16). The results showed that application of the magnetic field
makes the distribution of particles more uniform and this unifor-
mity increases by increasing the distance from the tube inlet.
Indeed, in contrast to shear rate that leads particles to central re-
gions, the magnetic force makes particles to become absorbed to
the wall. In addition, increasing each of the parameters of con-
centration, particle size and magnitude of the magnetic field led to
a greater pressure drop and also higher heat transfer improvement.
Moreover, at higher Reynolds numbers, the effect of magnetic force
was diminished.

The boundary layer flow and heat transfer over a permeable
stretching sheet due to a nanofluid with the magnetic field effects,
slip boundary condition and thermal radiationwere investigated by
Ibrahim and Shankar [151]. The results revealed that the local
Nusselt number decreases by increasing both Brownianmotion and
thermophoresis.

Malvandi et al. [152] studied convective heat transfer of a
nanofluid between two concentric cylinders in the presence of a
radial magnetic field. To consider the effects of boundary condition
on nanoparticle migration, two distinctive cases including constant
heat flux at the outer wall and adiabatic inner wall (case A), and
constant heat flux at the inner wall with adiabatic outer wall (case
B) were considered. Their results indicated that due to thermo-
phoretic force, the concentration of nanoparticles was greater at
the adiabatic wall for the case A. Moreover, inducing the magnetic
field, heat transfer rate was increased for the case A which had a
decreasing effect on the case B.

Bahiraei et al. [153] assessed flow and heat transfer character-
istics of the water-MnZnFe2O4 nanofluid through an annulus under
the effect of a non-uniform magnetic field. The concentration dis-
tributionwas found to be non-uniformwhose valuewas lower near
the walls. It was found that the velocity profile becomes flatter at
the annulus cross section because of particle migration due to
Fig. 16. The configuration of problem: (a) longitudinal cross section and (b) transverse
cross section [150]. Reprinted with permission from Elsevier.
applying the magnetic field. Furthermore, the effect of increasing
magnitude of the magnetic field gradient on heat transfer and
pressure drop was more significant for larger particles.

The above studies show clearly that nanoparticle migration
under the influence of a magnetic field can have great effects on
characteristics of nanofluids. However, further studies are required
for better characterizing nanofluid features in the presence of
magnetic fields and understanding the effect of particle migration
in these conditions.

10.2. Nanoparticle migration in microchannels

Recently, many investigators have shown interest in small scale
flows and many efforts have been carried out in minimization of
scales for improvement of the efficacy of instruments. The usage of
microchannels is one of the most promising methods for heat
transfer enhancement. By increasing the use of miniaturized in-
struments such as microchannels, characterization of the behavior
of such flows has become more essential. Some studies have been
conducted to improve our understanding about nanoparticle
migration in nanofluids through microchannels.

Afshar et al. [154] solved the NaviereStokes and energy equa-
tions in amicrochannel, and temperature and velocity profiles were
evaluated. Dispersion of nanoparticles due to drag, Brownian,
gravity, and Saffman lift forces was studied. Microchannel di-
mensions were comparable to mean free path of the molecules;
thus, the carrier phase was considered to be in slip flow regime.
Because of the dilution, particle collision was neglected and it was
assumed that the dispersed phase does not affect the velocity and
temperature of the carrier phase. The trajectories of 50 nm particles
in various pressure differences were depicted. It was shown that
particles travel in different paths because of the random nature of
Brownian force. In addition, the residence time of particles changed
by variation of pressure difference between two sides of the
microchannel, and in the low pressure differences, nanoparticles
did not follow the stream lines anymore and the effect of Brownian
motion was completely significant (see Fig. 17).

Malvandi and Ganji [155] investigated effects of nanoparticle
migration on convective heat transfer of a nanofluid in micro-
channels. The walls were subjected to different heat fluxes, and
because of non-adherence of the fluid-solid interface caused by the
microscopic roughness, Navier’s slip was applied at the surfaces. It
was revealed that nanoparticles eject themselves from heated
walls, construct a depleted region, and accumulate in the core re-
gion, but more likely to accumulate near the wall with lower heat
flux. Moreover, the non-uniform nanoparticle distribution caused
velocities to move toward the wall with a greater heat flux and
increased heat transfer rate there.

Hedayati and Domairry [156] evaluated the effects of nano-
particle migration on mixed convection of titania/water nanofluid
inside a vertical microchannel via RungeeKuttaeFehlberg method.
Because of small dimensions of microchannels, a linear slip con-
dition was assumed at the boundaries. It was found that the
asymmetric boundary condition affects the direction of nano-
particle migration and distorts the symmetry of the velocity and
temperature profiles.

10.3. Nanoparticle migration in boiling of nanorefrigerants

Migration features of nanoparticles in the pool boiling of
nanorefrigerants are fundamental knowledge when dealing with
nanorefrigerants in refrigeration systems. When applying nano-
refrigerants, one important subject to be considered is the migra-
tion of nanoparticles during the boiling process. This knowledge
will help to clarify how distribution of nanoparticles affects the



Fig. 17. Dispersion of 50 nm particles for different values of pressure drop; a) 100 kPa, b) 30 kPa [154]. Reprinted with permission from Elsevier.
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cycle behavior of a refrigeration system.
Some studies have dealt with nanoparticle migration in boiling

of nanorefrigerants. Ding et al. [157], for the first time, investigated
the major factors influencing the characteristics of CuO nano-
particle migration during pool boiling of R113 refrigerant. A com-
parison between pure nanofluid and nanofluid-oil mixture was
made. They demonstrated that the original mass of nanoparticles
and the mass of nanorefrigerant affect migration rate.

Influences of refrigerant-based nanofluid composition and
heating condition onmigration of nanoparticles during pool boiling
were experimentally investigated by Peng et al. [158]. The results
showed that migration ratio increases with a decrease in particle
density, particle size, dynamic viscosity of refrigerant, mass fraction
of lubricating oil, and heat flux. It was outlined that due to the
exclusion of parameters considering nanofluid composition and
heating conditions, the model of Ding et al. [157] would not be able
to predict migration features. Hence, Peng et al. [47] proposed a
more inclusive model that was claimed to be 90% accurate in
accordance with experimental data.

Mahbubul et al. [159] focused on characterizing the migration
properties of TiO2 nanoparticles during the boiling process of R141b
refrigerant. Increasing the heat flux and initial mass, and insulating
the container would yield augmentation in the amount of migrated
particles from the liquid refrigerant. The results showed that the
migrated mass increases with augmenting the initial mass of
nanoparticles as well as the heat flux. Besides, particle departure
from the liquid to vapor augmented by increasing the lubricating oil
concentration and adding insulation to the container. However, the
migration of nanoparticles decreased with an increase in initial
liquid level height and boiling vessel size.

11. Conclusion

The current study attempted to present a comprehensive review
of investigations performed on the field of nanofluids considering
particle migration. According to this review, application of nano-
fluids has been changing from an innovative concept into a reality
in the past years. However, the results obtained from different
research groups are inconsistent; overlooking the effect of nano-
particle migration in previous studies is one of the reasons for this
inconsistency. By the time the findings of various studies differ, no
comprehensive model for characteristics of nanofluids can be
reached. However, to bridge the research gaps, the following critical
research directions can be postulated:
1) Newer numerical methods such as lattice-Boltzmann
method can hopefully present insight into distribution and
migration of nanoparticles.

2) While the suggested particle migration models yield useful
information for laminar flow, it is inadequate to clarify the
transition to turbulence and the flow behavior under tur-
bulent conditions. A new approach should, therefore, be
sought to provide insight into the flow physics in transition
and turbulent regimes. Studies should focus on nanoparticle
behaviors and even interactions between eddies and nano-
particles. Based on these assessments, more practical models
can be derived for nanofluids.

3) Although the results of MD method are to some extent cor-
rect and reliable, it can only afford simulation for a very small
domain. The reason is that solving the Newton’s equation of
motion for a large system is quite time-consuming. There-
fore, it is appropriate to employ hybrid techniques that
combine continuum fluid dynamics and MD simulation. In
addition, researchers have employed many simplifying as-
sumptions in MD method which may have affected the
existing findings in the literature. As a consequence, there is
an essential need to apply types of MD simulations in which
fewest number of such simplifying assumptions have been
employed on one hand, and the volume of calculations does
not increase much on the other hand. Such models can
provide, in future, the detailed knowledge about flow and
thermal mechanisms in nanofluids.

4) The migration of nanoparticles due to Brownian motion or
thermophoresis should also be evaluated by experiments.

5) Although Buongiorno model can present rational results in
comparison with experimental results, it should be noted
that this model has been developed using assumptions such
as negligible external forces, dilute mixture, negligible
viscous dissipation, as well as existing thermal equilibrium
between nanoparticles and base fluid. Therefore, such as-
sumptions should be taken into consideration when such
simulations are employed.

6) In the Eulerian-Lagrangian approach, the formats of most of
the forces that have been utilized for nanofluids have been
established for relatively large particles. They may not be
applicable to nanoparticles, due to for example the rarefac-
tion, and it is not obvious currently how these correlations
are corrected for nanoparticles. Models are required to be
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developed specifically for nanofluids for more accurate
studies in the future.

7) In the analytical modeling of particle migration, it is neces-
sary to employ more comprehensive models considering
factors such as entrance effects, dynamics of particles, par-
ticleewall interactions, and so forth.

8) Particle migration for non-Newtonian nanofluids, which can
be different from Newtonian nanofluids due to the non-
linear correlation of stress and strain rate, should be studied.

9) According to the Ref. [160], entropy generation in nanofluids
is affected by velocity and temperature fields. Therefore, as
nanoparticle migration in nanofluids causes changes in ve-
locity and temperature profiles [40,44], it can affect the en-
tropy generation rate and it needs to be taken into
consideration in future studies for analyses of the second law
of thermodynamics in this area.

10) The role of Brownian motion is still being debated and re-
quires serious investigations. The disagreements observed in
various surveys may only be solved with definitive experi-
ments and analyses, which consider not only particle
movements, but also the induced motion of fluid and all
transient effects.

11) Applying hybrid nanofluids is a new challenge and oppor-
tunity. Hybrid nanofluids, prepared from mixing various
types of nanoparticles, can be employed in the future as
promising nanofluids for enhancement of heat transfer.
Particle migration in them can be different in comparison
with conventional nanofluids and this needs to be investi-
gated. It can open the road for development of miscellaneous
nanofluids with many extraordinary applications.

Once such details are obtained about the above important is-
sues, more confidence can be gained in conducting applied in-
vestigations of nanofluids in various areas with more efficiency.
References

[1] Ozerinc S, Kakac S, Yazicioglu AG. Microfluid Nanofluid 2010;8:145e70.
[2] Yadav S, Reddy MM, Singh A. Int J Multiph Flow 2015;76:1e12.
[3] Frank M, Anderson D, Weeks ER, Morris JF. J Fluid Mech 2003;493:363e78.
[4] Wen D, Ding Y. Microfluid Nanofluid 2005;1:183e9.
[5] Semwogerere D, Morris JF, Weeks ER. J Fluid Mech 2007;581:437e51.
[6] Turkyilmazoglu M. Int J Heat Mass Transf 2015;85:609e14.
[7] Chen WC, Cheng WT. Int Commun Heat Mass Transf 2016;71:208e15.
[8] Leighton D, Acrivos A. J Fluid Mech 1987;181:415e39.
[9] Hussein AM, Sharma KV, Bakar RA, Kadirgama K. Renew Sustain Energy Rev

2014;29:734e43.
[10] Bahiraei M, Hangi M. J Mag Mag Mater 2015;374:125e38.
[11] Haddad Z, Abid C, Oztop HF, Mataoui A. Int J Therm Sci 2014;76:168e89.
[12] Bahiraei M, Disper J. Sci Technol 2014;35:984e96.
[13] Segre G, Silberberg A. J Fluid Mech 1962;14:115e35.
[14] Othman NTA, Obara H, Sapkota A, Takei M. Flow Meas Instrum 2015;45:

162e9.
[15] Arab D, Pourafshary P. Colloids Surfaces A Physicochem Eng Aspects

2013;436:803e14.
[16] Mayoral-Villa E, Alvarado-Rodríguez CE, Klapp J, Gomez-Gesteira M,

Sigalotti LDG. J Contam Hydrol 2016;187:65e78.
[17] Jabbari M, Spangenberg J, Hattel JH. Chem Eng Res Des 2016;109:226e33.
[18] Phillips RJ, Armstrong RC, Brown RA, Graham AL, Abbott JR. Phys Fluids A

1992;4:30e40.
[19] Nott PR, Brady JF. J Fluid Mech 1994;275:157e99.
[20] Fang Z, Mammoli AA, Brady JF, Ingber MS, Mondy LA, Graham AL. Int J Mult

Flow 2002;28:137e66.
[21] Morris JF, Boulay F. J Rheol 1999;43:1213.
[22] Shapley NC, Brown RA, Armstrong RC. J Rheol 2004;48:255e79.
[23] Miller RM, Morris JF. J Newt Fluid Mech 2006;135:149e65.
[24] Miller RM, Singh JP, Morris JF. Chem Eng Sci 2009;64:4597e610.
[25] Mirbod P. Int J Multiph Flow 2016;80:79e88.
[26] Buyevich IA. Chem Eng Sci 1995;51:635e47.
[27] M. Pozarnik, L. Skerget, Computational Methods in Multiphase Flow II.

Southampton, pp. 3e12.
[28] Abbott JR, Tetlow N, Graham AL, Altobelli SA, Fukushima E, Mondy LA, et al.

J Rheol 1991;35:773e95.
[29] Choi MS, Kim YJ, Kwon SH. Cem Concr Res 2013;52:216e24.
[30] Ingber MS, Graham AL, Mondy LA, Fang Z. Int J Multiph Flow 2009;35:270e6.
[31] Ahmed GMY, Singh A. J Newt Fluid Mech 2011;166:42e51.
[32] Xi C, Shapley NC. J Rheol 2008;52:625e47.
[33] Murisic N, Ho J, Hu V, Latterman P, Koch T, Lin K, et al. Phys D 2011;240:

1661e73.
[34] Boyer F, Pouliquen O, Guazzelli E. J Fluid Mech 2011;686:5e25.
[35] Xuan Y, Li Q. ASME J Heat Transf 2003;125:151e5.
[36] Pak BC, Cho YI. Exp Heat Transf 1998;11:151e70.
[37] Das SK, Putra N, Roetzel W. Int J Heat Mass Transf 2003;46:851e62.
[38] Ding Y, Wen D. Powder Technol 2005;149:84e92.
[39] Bahiraei M. Adv Powder Technol 2015;26:802e10.
[40] Bahiraei M, Vasefi SI. Adv Powder Technol 2014;25:1772e9.
[41] Kang HU, Kim W, Kim SH. Korea Australia Rheol J 2007;19:99e107.
[42] Ho BP, Leal LG. J Fluid Mech 1974;65:365e400.
[43] Bahiraei M, Hosseinalipour SM. Thermochim Acta 2013;574:47e54.
[44] Hwang KS, Jang SP, Choi SUS. Int J Heat Mass Transf 2009;52:193e9.
[45] Bahiraei M. J Mol Liq 2015;209:531e8.
[46] Pakravan HA, Yaghoubi M. Int J Therm Sci 2011;50:394e402.
[47] Peng H, Ding G, Hu H. Int J Refrig 2011;34:1833e45.
[48] Jianzhong L, Song L, Tatleung C. Chin J Chem Eng 2012;20:679e85.
[49] Giraldo M, Ding Y, Williams RA. J Phys D Appl Phys 2008;41:085503.
[50] Power H, Miranda G. SIAM J Appl Math 1987;47:689e98.
[51] Buongiorno J. ASME Trans J Heat Transf 2006;128:240e50.
[52] Rostami J, Abbassi A. J. Rostami, A. Abbassi 2016;27:9e18.
[53] Aminfar H, Motallebzadeh R. J Disper Sci Technol 2011;32:1311e7.
[54] Ounis H, Ahmadi G. J Colloid Interface Sci 1991;143:266e77.
[55] Saffman PG. J Fluid Mech 1965;22:385e400.
[56] Talbot L. J Fluid Mech 1980;101:737e58.
[57] Li A, Ahmadi G. Aerosol Sci Technol 1992;16:209e26.
[58] He Y, Men Y, Zhao Y, Lu H, Ding Y. Appl Therm Eng 2009;29:1965e72.
[59] Bianco V, Chiacchio F, Manca O, Nardini S. Appl Therm Eng 2009;29:

3632e42.
[60] Singh PK, Harikrishna PV, Sundararajan T, Das SK. In: Proceedings of the 14th

international heat transfer conference, IHTC14; August 8e13, 2010 [Wash-
ington, DC, USA].

[61] Jacob R, Basak T, Das SK. Int J Therm Sci 2012;59:45e57.
[62] Wen D, Zhang L, He Y. Heat Mass Transf 2009;45:1061e7.
[63] Bahiraei M, Hangi M. Energy 2014;74:863e70.
[64] Mahdavi M, Sharifpur M, Meyer JP. Int J Heat Mass Transf 2015;88:803e13.
[65] Bahremand H, Abbassi A, Saffar-Avval M. Powder Technol 2015;269:93e100.
[66] Tahir S, Mital M. Appl Therm Eng 2012;39:8e14.
[67] Su D, Salloum M, Ma R, Zhu L. In: ASME heat transfer conference collocated

with the fluids engineering, energy sustainability, and 3rd energy nano-
technology conferences, Jacksonville, Florida, USA; August 10e14, 2008.

[68] Fayolle E, Bickel T, Wurger A. Phys Rev E 2008;77:041404.
[69] Epstein PS. Z Phys 1929;54:537e63.
[70] McNab GS, Meisen A. J Colloid Interface Sci 1973;44:339e46.
[71] Brenner H. Phys Rev E 2010;82:036325.
[72] Regazzetti A, Hoyos M, Martin M. J Phys Chem B 2004;108:15285.
[73] Eslamian M, Ziad Saghir M. Int J Therm Sci 2014;80:58e64.
[74] Dong S, Zheng L, Zhang X, Wu S, Shen B. Microfluid Nanofluid 2014;16:

131e9.
[75] Kleinstreuer C, Feng Y. J Heat Transf 2012;134. 051002e51011.
[76] Giraldo M, Sanin D, Florez WF. Appl Math Comput 2012;219:3308e15.
[77] Vladkov M, Barrat JL. J Comput Theor Nanosci 2008;5:187e93.
[78] Tzou DY. Int J Heat Mass Transf 2008;51:2967e79.
[79] Kuznetsov AV, Nield DA. Int J Therm Sci 2014;77:126e9.
[80] Nield DA, Kuznetsov AV. Int J Heat Mass Transf 2009;52:5792e5.
[81] Schio ER, Celli M, Barletta A. J Heat Transf 2013;136:022401.
[82] Sheremet MA, Pop I, Rahman MM. Int J Heat Mass Transf 2015;82:396e405.
[83] Bahiraei M, Hosseinalipour SM, Hangi M. Eng Comput 2014;31:843e63.
[84] Elshehabey HM, Ahmed SE. Int J Heat Mass Transf 2015;88:181e202.
[85] Maghrebi MJ, Nazari M, Armaghani T. Transp Porous Med 2012;93:401e13.
[86] Qasim M, Khan I, Shafie S. Math Prob Eng 2013;2013:254973.
[87] Kozlova SV, Ryzhkov II. Eur Phys J E 2014;37:87.
[88] Bahiraei M, Hosseinalipour SM, Hangi M. Chem Eng Technol 2013;36:

2057e64.
[89] Sheremet MA, Pop I, Rosca NC. J Taiwan Inst Chem Eng 2016;000:1e12.
[90] Garoosi F, Bagheri G, Rashidi MM. Powder Technol 2015;275:239e56.
[91] Liao S. Beyond perturbation: introduction to the homotopy analysis method.

Boca Raton: Chapman and Hall/CRC; 2003.
[92] Habibi Matin M, Ghanbari B. Transp Porous Med 2014;101:115e36.
[93] Zhu J, Yang D, Zheng L, Zhang X. Appl Math Lett 2016;52:183e91.
[94] Nadeem S, Hussain ST. Appl Nanosci 2014;4:1005e12.
[95] Fakour M, Vahabzadeh A, Ganji DD. Case Stud Therm Eng 2014;4:15e23.
[96] Habibi Matin M, Mahian O, Wongwises S. J Thermophys Heat Transf

2013;27:748e55.
[97] Khan M, Malik R, Munir A, Khan WA. Plos One 2015;10:e0125683.
[98] Yang C, Li W, Nakayama A. Int J Therm Sci 2013;71:249e57.
[99] Malvandi A, Ganji DD. Int J Therm Sci 2014;84:196e206.

[100] Moshizi SA, Malvandi A, Ganji DD, Pop I. Int J Therm Sci 2014;84:347e57.
[101] Malvandi A, Ganji DD. Adv Powder Technol 2014;25:1369e75.
[102] Hedayati F, Domairry G. Particuology 2016;24:96e107. http://www.

sciencedirect.com/science/journal/aip/16742001.

http://refhub.elsevier.com/S1290-0729(15)30187-3/sref1
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref1
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref2
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref2
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref3
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref3
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref4
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref4
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref5
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref5
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref6
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref6
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref7
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref7
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref8
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref8
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref9
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref9
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref9
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref10
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref10
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref11
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref11
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref12
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref12
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref13
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref13
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref14
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref14
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref14
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref15
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref15
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref15
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref16
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref16
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref16
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref17
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref17
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref18
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref18
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref18
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref19
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref19
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref20
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref20
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref20
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref21
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref22
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref22
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref23
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref23
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref24
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref24
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref25
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref25
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref26
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref26
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref28
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref28
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref28
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref29
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref29
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref30
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref30
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref31
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref31
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref32
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref32
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref33
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref33
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref33
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref34
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref34
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref35
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref35
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref36
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref36
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref37
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref37
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref38
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref38
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref39
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref39
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref40
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref40
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref41
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref41
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref42
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref42
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref43
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref43
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref44
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref44
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref45
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref45
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref46
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref46
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref47
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref47
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref48
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref48
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref49
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref50
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref50
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref51
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref51
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref52
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref52
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref53
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref53
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref54
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref54
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref55
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref55
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref56
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref56
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref57
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref57
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref58
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref58
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref59
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref59
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref59
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref60
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref60
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref60
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref60
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref61
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref61
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref62
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref62
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref63
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref63
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref64
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref64
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref65
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref65
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref66
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref66
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref67
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref67
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref67
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref67
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref68
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref69
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref69
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref70
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref70
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref71
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref72
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref73
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref73
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref74
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref74
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref74
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref75
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref75
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref76
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref76
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref77
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref77
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref78
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref78
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref79
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref79
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref80
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref80
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref81
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref82
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref82
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref83
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref83
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref84
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref84
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref85
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref85
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref86
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref87
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref88
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref88
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref88
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref89
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref89
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref90
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref90
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref91
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref91
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref92
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref92
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref93
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref93
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref94
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref94
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref95
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref95
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref96
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref96
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref96
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref97
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref98
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref98
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref99
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref99
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref100
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref100
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref101
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref101
http://www.sciencedirect.com/science/journal/aip/16742001
http://www.sciencedirect.com/science/journal/aip/16742001


M. Bahiraei / International Journal of Thermal Sciences 109 (2016) 90e113 113
[103] Akbarzadehe H, Shamkhali AN, Taherkhani F. J Mol Liq 2016;216:111e6.
[104] Polyakov P, Zhang M, Müller-Plathe F, Wiegand S. J Chem Phys 2007;127:

014502.
[105] Xu J, Kjelstrup S, Bedeaux D, Simon JM. Phys Chem Chem Phys 2007;9:

969e81.
[106] Castillo-Tejas J, Castrejon-Gonzalez O, Carro S, Gonzalez-Coronel V,

Alvarado JFJ, Manero O. Colloids Surfaces A Physicochem Eng Aspects
2016;491:37e49.

[107] Herrera C, García G, Atilhan M, Aparicio S. J Mol Liq 2016;213:201e12.
[108] Yeganegi S, Pak E. Chem Phys 2007;333:69.
[109] Zhang M, Müller-Plathe F. J Chem Phys 2006;125:124903.
[110] Galliero G, Volz S. J Chem Phys 2008;128:064505.
[111] Hu C, Bai M, Lv J, Wang P, Li X. Tribol Int 2014;78:152e9.
[112] Cui W, Shen Z, Yang J, Wu S. Appl Therm Eng 2015;76:261e71.
[113] Lv J, Bai M, Cui W, Li X. Nanoscale Res Lett 2011;6:200.
[114] Cui W, Shen Z, Yang J, Wu S. Case Stud Therm Eng 2015;5:114e21.
[115] Bai M, Cui W, Lv J, Li G, Li X. In: Proceedings of the ASME 2012 summer heat

transfer conference HT2012. Puerto Rico: Rio Grande; July 8-12, 2012.
[116] Cui W, Bai M, Lv J, Li G, Li X. Ind Eng Chem Res 2011;50:13568e75.
[117] Lou Z, Yang M. Comput Fluid 2015;117:17e23.
[118] Li L, Zhang Y, Ma H, Yang M. Phys Lett A 2008;372:4541e4.
[119] Saveyn H, Baets BD, Thas O, Hole P, Smith J, Van der Meeren P. J Colloid

Interface Sci 2010;352:593e600.
[120] Jain S, Patel HE, Das SK. J Nanopart Res 2009;11:767e73.
[121] Zhang Q, Xiang X. Phys A 2013;392:3857e62.
[122] Gupta A, Kumar R. Appl Phys Lett 2007;91:223102.
[123] Malvandi A, Ganji DD. Powder Technol 2014;263:37e44.
[124] Ryzhkov II, Minakov AV. Int J Heat Mass Transf 2014;77:956e69.
[125] Bahiraei M, Hosseinalipour SM, Zabihi K. Exp Heat Transf 2014;27:452e71.
[126] Masoumi N, Sohrabi N, Behzadmehr A. J Phys D Appl Phys 2009;42:055501.
[127] Kole M, Dey TK. J Phys D Appl Phys 2010;43:315501.
[128] Peyghambarzadeh SM, Hashemabadi SH, Hoseini SM, Seifi Jamnani M. Int

Commun Heat Mass Transf 2011;38:1283e90.
[129] Jiang H, Xu Q, Huang C, Shi L. Particuology 2015;22:95e9.
[130] Mehta S, Chauhan KP, Kanagaraj S. J Nanoparticle Res 2011;13:2791e8.
[131] Mallick SS, Mishra A, Kundan L. Powder Technol 2013;233:234e44.
[132] Loulijat H, Zerradi H, Dezairi A, Ouaskit S, Mizani S, Rhayt F. Adv Powder
Technol 2015;26:180e7.
[133] Keblinski P, Cahill DG. Phy Rev Lett 2005;95:209401.
[134] Evans W, Fish J, Keblinski P. Appl Phy Lett 2006;88:093116.
[135] Xiao B, Yang Y, Chen L. Powder Technol 2013;239:409e14.
[136] Hassani S, Saidur R, Saad, Mekhilef, Hepbasli A. Int J Heat Mass Transf

2015;90:121e30.
[137] Azizian R, Doroodchi E, Moghtaderi B. Ind Eng Chem Res 2012;51:1782e9.
[138] Xiao B, Yang Y, Chen L. Powder Technol 2013;239:409e14.
[139] Wang W, Lin L, Feng ZX, Wang SY. J Adv Res Phys 2012;3:021209.
[140] Nabi S, Shirani E. IJST 2012;36:53e68.
[141] Prasher R, Bhattacharya P, Phelan PE. J Heat Transf 2006;128:588e95.
[142] Zhang Y, Li L, Ma HB, Yang M. Numer Heat Transf A 2009;56:325e41.
[143] Shima PD, Philip J, Raj B. Appl Phys Lett 2009;94:223101.
[144] Popa I, Gillies G, Papastavrou G, Borkovec M. J Phys Chem B 2010;114:

3170e7.
[145] Yu W, Xie H. J Nanomater 2012:17 (2012) Article ID 435873.
[146] Xia G, Jiang H, Liu R, Zhai Y. Int J Therm Sci 2014;84:118e24.
[147] Yang L, Du K, Niu X, Li Y, Zhang Y. Int J Refrig 2011;34:1741e8.
[148] Wu L, Zhang Y, Palaniapan M, Roy P. J Appl Phys 2009;105:123909.
[149] Sheikholeslami M, Gorji-Bandpy M, Ganji DD, Rana P, Soleimani S. Comput

Fluid 2014;94:147e60.
[150] Bahiraei M, Hangi M. Energy Convers Manag 2013;76:1125e33.
[151] Ibrahim W, Shankar B. Comput Fluids 2013;75:1e10.
[152] Malvandi A, Moshizi SA, Ganji DD. Adv Powder Technol 2014;25:1817e24.
[153] Bahiraei M, Hosseinalipour SM, Hangi M. J Supercond Nov Magn 2014;27:

527e34.
[154] Afshar H, Shams M, Nainian SMM, Ahmadi G. Int Communic Heat Mass

Transf 2009;36:1060e6.
[155] Malvandi A, Ganji DD. Euro J Mech B/Fluids 2015;52:169e84.
[156] Hedayati F, Domairry G. Powder Technol 2015;272:250e9.
[157] Ding G, Peng H, Jiang W, Gao Y. Int J Refrig 2009;32:114e23.
[158] Peng H, Ding G, Hu H. Int J Refrig 2011;34:1823e32.
[159] Mahbubul IM, Kamyar A, Saidur R, Amalina MA. Ind Eng Chem Res 2013;52:

6032e8.
[160] Mahian O, Kianifar A, Kleinstreuer C, Al-Nimr MA, Pop I, Sahin AZ, et al. Int J

Heat Mass Transf 2013;65:514e32.

http://refhub.elsevier.com/S1290-0729(15)30187-3/sref103
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref103
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref104
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref104
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref105
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref105
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref105
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref106
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref106
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref106
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref106
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref107
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref107
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref108
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref109
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref110
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref111
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref111
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref112
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref112
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref113
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref114
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref114
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref115
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref115
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref116
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref116
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref117
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref117
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref118
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref118
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref119
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref119
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref119
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref120
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref120
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref121
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref121
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref122
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref123
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref123
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref124
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref124
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref125
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref125
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref126
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref127
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref128
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref128
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref128
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref129
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref129
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref130
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref130
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref131
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref131
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref132
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref132
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref132
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref133
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref134
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref135
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref135
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref136
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref136
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref136
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref137
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref137
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref138
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref138
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref139
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref140
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref140
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref141
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref141
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref142
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref142
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref143
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref144
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref144
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref144
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref145
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref146
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref146
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref147
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref147
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref148
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref149
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref149
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref149
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref150
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref150
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref151
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref151
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref152
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref152
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref153
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref153
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref153
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref154
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref154
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref154
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref155
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref155
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref156
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref156
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref157
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref157
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref158
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref158
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref159
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref159
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref159
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref160
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref160
http://refhub.elsevier.com/S1290-0729(15)30187-3/sref160

	Particle migration in nanofluids: A critical review
	1. Introduction
	2. Particle migration in conventional suspensions
	3. Importance of studying particle migration in nanofluids
	4. Theoretical investigations
	5. Numerical investigations
	5.1. Eulerian-Lagrangian approach
	5.2. Studying particle migration via Buongiorno model

	6. Molecular dynamics simulation
	7. The viscosity of nanofluids considering particle migration
	8. The role of particle migration due to Brownian motion in thermal conductivity
	9. The effect of stabilizers on the particle migration and stability of nanofluids
	10. Investigating nanoparticle migration in some fascinating topics
	10.1. Nanoparticle migration in the presence of a magnetic field
	10.2. Nanoparticle migration in microchannels
	10.3. Nanoparticle migration in boiling of nanorefrigerants

	11. Conclusion
	References


