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Nanofluids are engineered suspensions of fine nanoparticles in basefluids. Owing to their enhanced thermal con-
ductivity, nanofluids find applications in many heat transfer and energy conversion systems. Enhanced thermal
conductivity of nanofluids is attributed to several mechanisms such as Brownian motion, interfacial layer forma-
tion and particle clustering, etc. Many theoretical models have been proposed based on these mechanisms to pre-
dict the thermal conductivity of nanofluids. But, still there is an uncertainty in predicting the thermal
conductivity of nanofluids. In this work, a simple model to predict the thermal conductivity of nanofluids
based on particle size distribution and multi-level homogenization has been proposed. This model considers
the effects of Brownian motion, interfacial layer formation and particle clustering. Particle clusters are character-
ized based on particle size distribution (PSD) analysis and their thermal conductivity is calculated exclusively.
The complex nanofluid system is subdivided into smaller systems and a level by level homogenization is carried
out to determine the effective thermal conductivity of nanofluids. Present model predictions are compared with
experimental results from literature and are found to match well. Contributions of aggregation, Brownian motion
and interfacial layer formation are individually exhibited. This model aids to develop a better understanding of
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the thermal transport in nanofluids and hence, is expected to contribute to several industrial applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Recent trend of miniaturization and development of high power
output devices have made efficient heat transfer as the prime require-
ment of many industries. In recent years, using nanofluids to increase
the heat transfer is gaining much more attention among engineers
and researchers [1]. Nanofluids are stable suspensions of fine nano-
sized metallic/non-metallic particles in common cooling liquids. They
exhibit higher thermal conductivity than their basefluids and are con-
sidered to be the coolants of future. A chance to increase the heat trans-
fer by employing nanofluids have opened the way for a spectrum of
promising applications like miniature electronic devices, high power
electric devices like transformers and enhanced heat transfer in many
other energy conversion systems [1-4].

Since the initiating work of Choi [5] in exhibiting the enhanced ther-
mal conductivity of nanofluids, many experimental works have been
carried out to measure the thermal conductivity enhancement in
nanofluids. Review of these works show that, classical models like MG
model [6] are unable to explain the thermal conductivity enhancement
seen in nanofluids. These classical models which are based on Effective
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Medium Theory (EMT) substantially underestimate the thermal con-
ductivity of nanofluids [7]. The mechanisms behind the unexplainable
increase in thermal conductivity of nanofluids have become a hotly de-
bated topic and various explanations have been proposed to explain the
thermal conductivity enhancement in nanofluids [8]. A huge volume of
works on theoretical modeling of thermal conductivity of nanofluids are
available in literature [4,9-18]. These works on modeling of thermal
conductivity of nanofluids suggest that the enhancement can be attrib-
uted to nano-scale convection caused by Brownian motion of particles,
ordered layering of liquid molecules at the solid-liquid interface and
particle clustering. [11-15,18,19].

Effects of Brownian motion of nanoparticles on thermal conduc-
tivity of nanofluids have been extensively studied by many re-
searchers. Keblinski et al. [8] showed that, particle-particle collision
caused by Brownian motion is too slow (in comparison with thermal
diffusion) to cause a significant enhancement in thermal transport of
nanofluids. However, Brownian motion can indirectly influence the
thermal conductivity of nanofluids by thermal interactions of
randomly moving particles with basefluid molecules which
results in convection-like effects at nano-scale [10]. An order of mag-
nitude analysis by Prasher et al. [20], proved that the nano-scale con-
vection caused by Brownian motion of nanoparticles is a possible
mechanism to explain the thermal conductivity enhancements
seen in nanofluids. A recent work by Song et al. [21] showed that
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the effective property model which considers Brownian motion is
much closer with experimental values. Xiao et al. [22] in their
model for effective thermal conductivity, considered the effect of
Brownian motion by means of fractal geometry. Both the static and
dynamic mechanisms were considered and the effects of particle
size and volume fraction were successfully explained. Thus, it is evi-
dent that Brownian motion is a vital mechanism to consider while
modeling thermal conductivity of nanofluids. In solid-liquid suspen-
sions, liquid molecules close to a solid particle arrange themselves in
an ordered manner around the solid particle. This ordered layer of
liquid molecules behaves like a solid and acts as a thermal bridge be-
tween the solid particles and liquid [13]. Even though this layer is
only of nanometer thickness, it is expected to play a vital role in ther-
mal transport of nanofluids. As the Specific Surface Area (SSA) of
nanoparticles is very large, the effects of interfacial layer are very sig-
nificant. Yu and Choi [16,17] clearly explained that orderly arrange-
ment of liquid molecules at particle-liquid interface and the
corresponding increase in effective volume fraction is a possible
mechanism that causes high thermal conductivity enhancements in
nanofluids. For instance, an interfacial layer of thickness 2.5 nm is
sufficient enough to double the effective volume fraction of the par-
ticle with diameter 10 nm [8]. Hence, it is clear that interfacial layer
formation at the solid-liquid interface is an important mechanism
that influences the thermal transport in nanofluids. In addition to
above two mechanisms, nanoparticles suspended in basefluids
form clusters that create a low thermal resistance path which can en-
hance the thermal conductivity [15]. From Kwak and Kim's [23] ex-
periments, it is understood that large enhancements in thermal
conductivity are accompanied by significant increase in viscosity,
which is a clear indication of particle clustering. Putnam et al. [24],
showed that nanofluids with excellent distribution characteristics
do not show any anomalous increase in thermal conductivity.
Hence, it is understood that particle clustering is also a vital criteria
to be taken into account while modeling thermal conductivity of
nanofluids.

Prasher et al. [25] and many other researchers [12,15,26] who
have considered the effects of particle clustering on thermal

conductivity of nanofluids, characterized the particle clusters based
on fractal theory. The cluster structure or morphology is defined by
means of average radius of gyration of the clusters and the fractal
and chemical dimensions of the aggregates. The clusters are assumed
to consist of a linear chain known as the backbone and side chains
called as dead ends. The backbone plays a significant role in thermal
transport by providing a low resistance path for heat transfer. Xiao et
al.[22] employed a fractal method to model the thermal conductivity
of nanofluids. Number of particles present in the clusters was calcu-
lated using probabilistic theory and fractal dimension. Fractal di-
mension is a prime factor in fractal theory to characterize the
clusters and depends on numerous factors. Hence, a precise calcula-
tion using theoretical approach is very difficult [27]. Also, models
based on fractal theory consider that the clusters in nanofluids are
of uniform size [25]. In reality, cluster size in nanofluids vary in a
very wide range [18]. To overcome this limitation, Zhou and Wu
[28] calculated the cluster size and volume fraction of clusters
based on particle size distribution (PSD) analysis. PSD of nanofluids
provide sufficient information to characterize the clusters and is
very easy to obtain by Dynamic Light Scattering (DLS) experiments
[26]. More recently, Song et al. [29] also showed that hydrodynamic
and optical properties of nanofluids predicted using PSD exhibited
better agreement with experimental results at all particle volume
fractions. It is to be noted that, Zhou and Wu's model [28] consider
that the particles aggregate very close to each other and they have
the same thermal conductivity as that of the primary particle. Actu-
ally, nanoparticle clusters have thermal conductivity less than that
of the primary particle due to contact resistance and the basefluid
trapped in the interparticle spaces [30].

In this work, a modified model for thermal conductivity of
nanofluids based on multi-level homogenization approach of
Prasher et al. [25] and PSD analysis of Zhou and Wu [28] is proposed.
The thermal conductivity of clusters is calculated exclusively. Effects
of nano-scale convection due to Brownian motion and interfacial
layer formation are also taken into account. The proposed modified
model for thermal conductivity of nanofluids is expected to help in
developing better understanding of thermal transport in nanofluids
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Fig. 1. Schematic representation of the model.
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and lead to their applications in many energy efficient heat transfer
systems.

2. Physical model description

Primary goal of this work is to propose a mathematical model to de-
scribe the thermal conductivity enhancement of nanofluids and its rela-
tionship with the Brownian motion, interfacial layer formation and
particle clustering. A schematic representation of the proposed model
is presented in Fig. 1. Nanofluid is a complex system that consists of
basefluid, primary nanoparticles and clusters of primary particles.
These primary particles and clusters are surrounded by an ordered
layer of basefluid molecules at the solid-liquid interface. Primary parti-
cles and clusters along with the interfacial layer are termed as complex
primary particles and complex clusters, respectively. This complex sys-
tem is broken into subsystems and then a level by level homogenization
is carried out to determine the effective thermal conductivity of the en-
tire nanofluid system. It is to be noted that, nanofluids may contain
spherical, cylindrical, planar and spheroidal inclusions. But, this model
is built considering spherical inclusions. Initially, only the thermal con-
ductivity of suspension of complex primary particles in basefluid is
alone calculated. In this step, these complex primary particles are also
considered to undergo Brownian motion. Thus, the thermal conductivi-
ty of complex primary particles suspended in basefluids along with the
contribution of Brownian motion is calculated as k;. Then, the thermal
conductivity of clusters along with interfacial layer around them (com-
plex clusters) is calculated exclusively. Finally, it is considered that these
complex clusters are suspended in a medium of thermal conductivity, k;
and the total thermal conductivity of the whole nanofluid system is
determined.

3. Development of new thermal conductivity model

Detailed derivation of the mathematical model is presented in the
following sections.

3.1. Characterization of clusters using particle size distribution (PSD)
analysis

PSD analysis of nanofluids, clearly indicate that both primary parti-
cles and clusters exist together at any instant of time [26]. Hence, the
nanofluid is hypothesized as a complex system consisting of both pri-
mary nanoparticles and clusters suspended in basefluids. Prior to the
homogenization, it is necessary to determine the volume fractions of
primary particles (¢p,) and particle clusters (¢.) using the approach
of Zhou and Wu [28]. PSD in nanofluids vary in a wide range [18] and
hence, the primary particles and clusters must be clearly defined before
calculating (¢pm) and (¢¢). As a cluster will have atleast two primary
particles of diameter (d,n,) each, anything equal to or larger than the
size of two primary particles (2d,,) are considered as clusters and the
rest are taken as primary particles. Nanoclusters are assumed to be em-
bedded in an imaginary sphere with diameter (d). Each cluster will be of
different size and thus, (d.) is defined as the average diameter of clus-
ters. From PSD data, average diameter of clusters can be calculated
using the number percentage of clusters (P) as follows:

> (Pxd)

d>2dym
> P
d>2dpn

de

The volume fraction of clusters present in the nanofluid is given
by ¢ = ¢eshins. Where, ¢ represent the volume fraction of corre-
sponding cluster spheres and ¢;,; is the volume fraction of primary
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Fig. 2. A complex primary particle.

particles present in cluster spheres. ¢ and ¢;,s are estimated esti-
mated as [28]

> (Pxd)
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In Eq. (2), ¢, is the total initial volume fraction of nanoparticles in-
cluding the primary particles and clusters. For the convenience of calcu-
lation, a parameter (f) is defined as

f= iz, ") =) 3)
g) (P x d3)

This parameter fvaries from 0 to 1 and indicates the volume fraction
of clusters present in the nanofluid system. Again, in Eq. (2) n is the
number of nanoparticles in a cluster sphere with equivalent diameter
(d.) and is given by

3
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Fig. 3. Graphical representation of a complex cluster.
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Table 1

Nanoparticles, basefluids, initial particle volume fraction and primary particle diameter used in the nanofluid samples taken for comparison [35].

S. no. Sample Details Initial particle volume fraction, ¢, Particle diameter, d,,
1 S1 Fe304-kerosene 0.0171 8 nm
2 S2 Ag-hexadecane 0.0116 7 nm
3 S3 Fe;04-hexadecane 0.0164 8 nm
4 S4 Fe;04-water 0.0102 8 nm
5 S5 CuO-Eg 0.0018 10 nm
6 S6 CuO-Eg 0.0131 10 nm

According to Kepler conjecture [31], s = 1/+/18 is the maximum
packing density of cluster sphere and w is a relaxation factor which in-
dicates the particle packing condition. The average packing density is
given by the product of s and w. Review of related literature show
that, the random packing density in cluster spheres is approximately
63% [32]. Thus, the relaxation factor  is taken as 0.85, which gives
the average packing density as 62.9%, which is very close the random
packing density. Finally, the volume fraction of primary particles (¢pn)
is given by ¢pm=¢p — ¢

3.2. First level of homogenization

It is experimentally proved that the liquid molecules arrange them-
selves into an ordered layer at the solid-liquid interface [33]. The prima-
ry particles along with the interfacial layer are considered as complex
primary particles. A pictorial representation of a complex primary parti-
cle is shown in Fig. 2.

This interfacial layer acts as a thermal bridge between the particle
and liquid with its thermal conductivity (k;) varying between the ther-
mal conductivity of the primary particle (k,m,) and that of the basefluid
(kps). Hashimoto et al. [34] proposed a relation for the thickness of inter-
facial layer (8) based on electron density profile at the interface as fol-
lows:

6= V2mo. (5)

o is a parameter which indicates the diffusiveness of interfacial
boundary and its value ranges from 0.2 to 0.8 nm. If o = 0.4 nm, the in-
terfacial layer thickness is 1 nm. Experimental results of Yu et al. [33]
and molecular dynamic simulations by Xue et al. [14] show that, the in-
terfacial layer will be in the order of few atomic distances, which is ap-
proximately 1 nm. Hence in the present model, the thickness of the
interfacial layer is considered to be 1 nm.

In the first level of homogenization, the thermal conductivity of
complex primary particles (kem) is calculated using the approach of
Yu and Choi [16] as

20—y + 1+’ +27))y
Kepm = . Kpm. (6)
—(1=y)+(1+B’(1+2y)

Here, y= kj/kpm is the ratio of the thermal conductivity of interfacial
layer (k;) to the thermal conductivity of primary particle (kym). B=26/

Table 2
Thermophysical properties of nanoparticles and basefluids considered in this study.

dpm is the thickness ratio of the interfacial layer to particle radius. Ther-
mal conductivity of the interfacial layer (k;) around a primary particle is
given by Ren et al. [19] as

o kbez

k= =B In(1 + M) 1 BN @)
In Eq. (7),

M = gpm(1+pB)—1 ®)

where, &y = kpm/kpyis the ratio of thermal conductivity of the primary
particle (kpy,,) to the thermal conductivity of the basefluid (k). It is to
be noted that, by considering the interfacial layer formation there will
be a corresponding change in volume fraction. The volume fraction of
complex primary particles is calculated as [16]

bopm = bp(1+P)’. 9)

3.3. Second level of homogenization

In the second level of homogenization, complex primary particles
are considered to be suspended in basefluid. These complex primary
particles exhibit Brownian motion by virtue of their small size [8]. Ran-
dom motion of these complex particles cause a nano-scale convection in
the basefluid which enhances the thermal transport in the nanofluids
[10]. A time-scale analysis by Prasher et al. [20] proved that, nano-
scale convection caused by Brownian motion of particles is capable of
producing an enhancement in thermal conductivity of nanofluids.
Hence, the thermal conductivity of suspension of complex primary par-
ticles in basefluid by taking into account the nano-scale convection
caused by Brownian motion is calculated using MG model [6] as

_ kepm + 2Ky + 2(Kepm —Ky) (1 + )’
Kepm + 2k — (Kepm—K ) (1 + B)> pm

ky (10)

The effect of nano-scale convection caused by Brownian motion is
included by using the approach of Prasher et al. [20]. kf used in Eq.

S. no. Materials

Thermal conductivity in [W m~' K~']

Density in [kg m—3] Dynamic viscosity in [kg m~! S~ 1]

Nanoparticles

1 Fe304 7.2 [36] 5,170 [37] -
2 Ag 429.0 [36] 10,500 [37] -
3 CuO 13.5[36] 6,315 [37] -
Basefluids

4 Water (de-ionized) 0.600 [36] 997.10 [37] 0.000890 [38]
5 Hexadecane 0.140 [36] 773.30 [37] 0.003044 [39]
6 Kerosene 0.150 [36] 799.00 [37] 0.001640 [38]
7 Ethylene glycol 0.254 [36] 1,113.00 [37] 0.016200 [38]
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Fig. 4. Comparison of present model with experimental data from literature [35]. Inset image shows the particle size distribution of sample, S4.

(10) is the conductivity of basefluid including the contribution of nano-
scale convection due to Brownian motion and is given as
ks = Ky (1 + ARemPr0'333¢>cpm) (11)
where, A=4x10% and m = 2.5 are empirical constants which are deter-

mined by considering the interaction of convection currents caused by
Brownian motion of multiple particles [20].

1 18KT
Re=—,|—F—————.
v\ 10y (dpm + 26)

(12)

Re is the Reynolds number based on root-mean-square velocity of
Brownian particle and Pr is the Prandtl number of the basefluid. v is
the kinematic viscosity of the basefluid. Ky is the Boltzmann constant
and T is the temperature.

3.4. Third level of homogenization

Nanofluid system consists of clusters which are aggregates of prima-
ry particles attached with each other and basefluid trapped in the inter-
particle spaces. Hence, Bruggeman model [9] which is more suitable at
high volume fractions of highly conductive particles is employed to cal-
culate the thermal conductivity of clusters (k.) as follows:

(] _d)ins) (kbf _kc) ¢ins (kpm 7kC) o
kbf + 2k,

kpm + 2k¢ (13)
Similar to the primary particles, clusters will also have an interfacial
layer around them. These cluster spheres surrounded by interfacial
layer are together referred as complex cluster spheres. A graphical rep-
resentation of this complex cluster is shown in Fig. 3. In the third level of
homogenization, thermal conductivity of the complex cluster spheres
(kec) using the same approach used for calculating the thermal conduc-
tivity of complex primary particles is given by the following equation.

[2(1—a> +(1+€°(1 +2a)]ak

kcc = 3
—(1—a)+(1+87°(1+2a)

(14)

Here, a=k/k. is the ratio of thermal conductivity of the interfacial
layer around a cluster sphere (k) to the thermal conductivity of a

cluster (k). §=26/d. is the thickness ratio of interfacial layer to cluster
radius. Thermal conductivity of interfacial layer around a cluster (ki)
can be estimated as

_ kerQ?

b= —gmiQ e (13
In the above equation

Q=¢(1+8§—1. (16)

where, .= k/kyyis the ratio of thermal conductivity of cluster to the
thermal conductivity of basefluid.

3.5. Fourth level of homogenization

In the final level of homogenization, the complex cluster spheres are
suspended in a medium of thermal conductivity (k;). Using MG model
[6], the total effective thermal conductivity of the nanofluid system is
calculated as

K — kee + 2k1 + 2 (kee—kq)

- : 17
eff ke + 2/(1 _d)cc(kcc_kl) ( )

. 13
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Fig. 5. Upper limit (f = 1) and lower limit (f = 0) calculated for Alumina-Water nanofluid,
dpm = 10 nm and d./dp,, =4 at 293 K using present model.
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where, ¢ is the effective volume fraction of complex clusters which is
given as ¢.= (1 +€)>.

4. Results and discussion

In the present model, effective thermal conductivity of nanofluids
(ke) is determined using a multi-level homogenization approach con-
sidering the effects of Brownian motion, interfacial layer formation
and particle clustering. The nanofluid is considered as a complex system
which has both primary nanoparticles and particle clusters suspended
in the basefluid. The volume fraction and the size of particle clusters
are estimated based on particle size distribution (PSD) analysis. The pri-
mary particles and the clusters along with the interfacial layer around
them are taken as complex primary particles and complex clusters, re-
spectively. Primarily in the first level of homogenization, thermal con-
ductivity of complex primary particles (kem) is calculated. In the
second level of homogenization, the complex primary particles are
alone considered to be suspended in the basefluid. Hence in the second
level of homogenization, the thermal conductivity of suspension of
complex primary particles in basefluid (k;) including the effects of
nano-scale convection caused by Brownian motion is determined. In
the third level of homogenization, the thermal conductivity of complex
cluster spheres (k) is calculated. Finally, the complex cluster spheres
are considered to be suspended in a medium of thermal conductivity

-
'

| —O— With Interfacial layer D
- —<— Without Interfacial layer

13F

Thermal conductivity ratio (k k)

1 L . 1 L
1 2 3 4 5

Particle volume fraction (%)

Fig. 7. Contribution of interfacial layer.

(k1) to determine the total effective thermal conductivity of nanofluids
(ke)ff)-

Proposed model is validated by comparing with the thermal conduc-
tivity data for six different samples of nanofluids, available in literature.
Philip and Shima [35] have presented the PSD and k.ymeasured at same
instant of time for six different samples of nanofluids. The details of the
samples and thermo-physical properties of the nanoparticles and
basefluids taken for comparison are presented in Tables 1 and 2, respec-
tively. The particle size distribution (PSD) of sample, S4 is shown in the
inset image of Fig. 4. The comparison between the experimental data
and the corresponding model prediction are clearly shown in Fig. 4. It
is seen that the model predictions closely match with the experimental
data for all the samples. The percentage difference difference between
the model prediction and the experimental values range from 0.7% to
8.8%, which is acceptable in theoretical studies. In overall, a convincing
agreement is obtained for all the six samples considered for comparison.
Only six samples of nanofluids are used for comparison due to the lim-
ited availability of data for thermal conductivity and PSD measured in-
dependently, at same instant of time.

It can be understood that, f which determines the volume fraction of
clusters present in the nanofluid and d./d,, that shows the increased
size of the cluster in comparison with the primary particle are the two
prime factors which indicate the cluster characteristics and thus, affect
the effective thermal conductivity of the nanofluid. Higher values of fin-
dicate larger volume fraction of clusters in the nanofluid and hence,
leading to higher enhancements in thermal conductivity. The value of
fvaries from 0 to 1. f=0, indicate that the particles are completely
mono-dispersed and there are no clusters and when f=1, there will
be no primary particles in the nanofluid. With the value of f=1, the
model gives the upper limit for any considered nanofluid. The upper
and lower limits of the model calculated for an Alumina-Water
nanofluid with ky = 0.6 W m™ K", kpm = 40 W/mK, dp, = 10 nm
and d./d,m, =4 at 293 K are presented in Fig. 5. The upper limit is calcu-
lated using f=1; while, the lower limit which is equal to the MG model
is calculated by neglecting the effects of interfacial layer (6=0),
Brownian motion (Re =0) and particle clustering (f=0). When the in-
terfacial layer thickness (&), Brownian Reynolds number (Re) and the
parameter (f) which determines the volume fraction of clusters are
taken as zero the model is reduced to the basic MG model. It can be
seen that, the thermal conductivity enhancement increases with in-
crease in the volume fraction of clusters.

Apart from particle aggregation, thickness of the interfacial layer (6)
and Brownian Reynolds number (Re) also affect the effective thermal
conductivity of the nanofluid system. The contribution of nano-scale
convection caused by Brownian motion to the thermal conductivity en-
hancement of nanofluids is shown in Fig. 6. Contribution of Brownian
motion is showcased using an Alumina-Water nanofluid with ks =
0.6 W/mK, kym = 40 W/mK, dp, = 10 nm and d./dp,,, =4 at 293 K.
The effect of Brownian motion is neglected by assuming the Brownian
Reynolds number as 0. It is seen that, the thermal conductivity of
nanofluid is enhanced by the inclusion of effect of Brownian motion at
all volume fractions. It is observed that at higher volume fractions, the
contribution of nano-scale convection caused by Brownian motion is
more significant. Similarly, the effect of interfacial layer for the same
Alumina-Water nanofluid is studied by using 6 = 1 nm and 6 = 0 nm
(see Fig. 7). The thermal conductivity of the nanofluid is higher when
the effect of interfacial layer is taken into account. This proves the role
of interfacial layer in thermal transport of nanofluids.

The model considers the effects of particle size and temperature by
means of Brownian motion. It is also to be noted that the PSD of
nanofluid is dependent on the particle size, temperature, physio-chem-
ical properties of particles and basefluids, and time [35]. The PSD of
nanofluids vary depending on all the above factors. Thus, the model
will be capable of explaining the effects of all the above factors based
on the PSD obtained experimentally by Dynamic Light Scattering
(DLS) experiments.
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5. Conclusions

A simple comprehensive model has been proposed to explain the
thermal conductivity of the nanofluid considering the effects of nano-
scale convection caused by Brownian motion, interfacial layer and par-
ticle aggregation. The model is built based on the particle size distribu-
tion and a multilevel homogenization approach. The main advantage of
the model is its ease and precise characterization of particle clusters
using particle size distribution. The particle size distribution which can
be easily measured experimentally will give a clear data about the clus-
ters in nanofluids which is more precise and real time when compared
to the characterization by fractal theory. In addition to that, the model
considers the mechanisms of nano-scale convection caused by
Brownian motion and interfacial layer formation. The model suggests
that the effective thermal conductivity increases with increase in vol-
ume fraction of clusters. Excellent agreement has been obtained be-
tween the model predictions and experimental data from literature.
Roles of Brownian motion and interfacial layer in enhancing the thermal
transport of nanofluids have been explicitly showcased. The model
takes into account the influence of particle size, temperature, physio-
chemical properties of particles and basefluids and time. Hence, it will
be helpful in explaining the contradictions in thermal conductivity
data of nanofluids available in literature. Thus, this model is expected
to aid in better understanding of the thermal transport in nanofluids
and lead to practical application of nanofluids in many industrial
applications.

Nomenclature

Notations

D Diameter

N Number of primary particles in a cluster
T Temperature in [K]

P Number percentage

K Thermal conductivity in [Wm™ K]
KB Boltzmann constant

Greek symbols

b Volume fraction

o Density in [kgm™>]

) Thickness of the interfacial layer
v Kinematic viscosity in [m?S™]
Subscripts

eff Effective property of nanofluid

c Clusters

1 Interfacial layer

cc Complex clusters

pm Primary nanoparticles

bf Basefluid

cpm Complex primary particles
Acknowledgments

One of the authors, S. Dhinakaran, gratefully acknowledges the fi-
nancial aid received from Science and Engineering Research Board, De-
partment of Science & Technology (DST), Government of India through
a project grant (Project Reference No. SB/FTP/ETA-427/2012) for carry-
ing out this work. The authors are highly obliged to the reviewers for
their insightful comments and suggestions.

References

[1] A.Kasaeian, A.T. Eshghi, M. Sameti, A review on the applications of nanofluids in
solar energy systems, Renew. Sust. Energ. Rev. 43 (2015) 584-598.

[2] X-Q.Wang, A.S. Mujumdar, Heat transfer characteristics of nanofluids: a review, Int.
J. Therm. Sci. 46 (1) (2007) 1-19.

[3] I Nkurikiyimfura, Y. Wang, Z. Pan, Heat transfer enhancement by magnetic

nanofluids—a review, Renew. Sust. Energ. Rev. 21 (2013) 548-561.

S. Angayarkanni, J. Philip, Review on thermal properties of nanofluids: recent devel-

opments, Adv. Colloid Interf. Sci. 225 (2015) 146-176.

[5] S.U.S. Choi, Enhancing thermal conductivity of fluids with nanoparticles, ASME Publ.

Fed. 231 (1995) 99-106.

[6] J.C.M. Garnett, Colours in metal glasses, in metallic films, and in metallic solutions. II,

Philosophical Transactions of the Royal Society of London. Series A, Containing Pa-

pers of a Mathematical or Physical Character 1906, pp. 237-288.

S.K. Das, S.U.S. Choi, W. Yu, T. Pradeep, Nanofluids: Science and Technology, John

Wiley & Sons, 2007.

P. Keblinski, S.R. Phillpot, S.U.S. Choi, J.A. Eastman, Mechanisms of heat flow in sus-

pensions of nano-sized particles (nanofluids), Int. J. Heat Mass Transf. 45 (4) (2002)

855-863.

V.D.A.G. Bruggeman, Berechnung verschiedener physikalischer Konstanten

von heterogenen Substanzen. I. Dielektrizitdtskonstanten und Leitfahigkeiten

der Mischkorper aus isotropen Substanzen, Ann. Phys. 416 (u) (1935)

665-679.

[10] S.P.]Jang, S.U.S. Choi, Role of Brownian motion in the enhanced thermal conductivity
of nanofluids, Appl. Phys. Lett. 84 (21) (2004) 4316-4318.

[11] X. Wang, X. Xu, S.U.S. Choi, Thermal conductivity of nanoparticle-fluid mixture, J.
Thermophys. Heat Transf. 13 (4) (1999) 474-480.

[12] B.-X. Wang, L.-P. Zhou, X.-F. Peng, A fractal model for predicting the effective ther-
mal conductivity of liquid with suspension of nanoparticles, Int. ]. Heat Mass Transf.
46 (14) (2003) 2665-2672.

[13] H.Xie, M. Fujii, X. Zhang, Effect of interfacial nanolayer on the effective thermal con-
ductivity of nanoparticle-fluid mixture, Int. ]. Heat Mass Transf. 48 (14) (2005)
2926-2932.

[14] L. Xue, P. Keblinski, S.R. Phillpot, S.U.S. Choi, J.A. Eastman, Effect of liquid layering at
the liquid-solid interface on thermal transport, Int. J. Heat Mass Transf. 47 (19)
(2004) 4277-4284.

[15] W.Evans, R. Prasher, J. Fish, P. Meakin, P.E. Phelan, P. Keblinski, Effect of aggre-
gation and interfacial thermal resistance on thermal conductivity of nanocom-
posites and colloidal nanofluids, Int. J. Heat Mass Transf. 51 (5) (2008)
1431-1438.

[16] W.Yu, S.US. Choi, The role of interfacial layers in the enhanced thermal conductivity
of nanofluids: a renovated Maxwell model, J. Nanopart. Res. 5 (1-2) (2003)
167-171.

[17] W.Yu, S.US. Choi, The role of interfacial layers in the enhanced thermal conductivity
of nanofluids: a renovated Hamilton-Crosser model, ]. Nanopart. Res. 6 (4) (2004)
355-361.

[18] Y. Xuan, Q. Li, W. Hu, Aggregation structure and thermal conductivity of nanofluids,
AICHE J. 49 (4) (2003) 1038-1043.

[19] Y. Ren, H. Xie, A. Cai, Effective thermal conductivity of nanofluids containing spher-
ical nanoparticles, J. Phys. D. Appl. Phys. 38 (21) (2005) 3958.

[20] R. Prasher, P. Bhattacharya, P.E. Phelan, Brownian-motion-based convective-con-
ductive model for the effective thermal conductivity of nanofluids, J. Heat Transf.
128 (6) (2006) 588-595.

[21] D.Song, M. Hatami, Y. Wang, D. Jing, Y. Yang, Prediction of hydrodynamic and opti-
cal properties of TiO,/water suspension considering particle size distribution, Int. J.
Heat Mass Transf. 92 (2016) 864.

[22] B. Xiao, Y. Yang, L. Chen, Developing a novel form of thermal conductivity of
nanofluids with Brownian motion effect by means of fractal geometry, Powder
Technol. 239 (2013) 409.

[23] K. Kwak, C. Kim, Viscosity and thermal conductivity of copper oxide nanofluid dis-
persed in ethylene glycol, Korea-Australia Rheol. J. 17 (2) (2005) 35-40.

[24] S.A.Putnam, D.G. Cahill, BJJ. Ash, L.S. Schadler, High-precision thermal conductivity
measurements as a probe of polymer/nanoparticle interfaces, ]. Appl. Phys. 94
(10) (2003) 6785-6788.

[25] R.Prasher, W. Evans, P. Meakin, J. Fish, P.E. Phelan, P. Keblinski, Effect of aggregation
on thermal conduction in colloidal nanofluids, Appl. Phys. Lett. 89 (14) (2006)
143119.

[26] P.E. Gharagozloo, K.E. Goodson, Aggregate fractal dimensions and thermal conduc-
tion in nanofluids, J. Appl. Phys. 108 (7) (2010) 074309.

[27] C.Oh, C.M. Sorensen, The effect of overlap between monomers on the determi-
nation of fractal cluster morphology, J. Colloid Interface Sci. 193 (1) (1997)
17-25.

[28] D. Zhou, H. Wu, A thermal conductivity model of nanofluids based on particle size
distribution analysis, Appl. Phys. Lett. 105 (8) (2014) 083117.

[29] D.Song, D.Jing, J. Geng, Y. Ren, A modified aggregation based model for the accurate
prediction of particle distribution and viscosity in magnetic nanofluids, Powder
Technol. 283 (2015) 561-569.

[30] T.G. Desai, Thermal transport in nanoclusters, Appl. Phys. Lett. 98 (19) (2011)
193107.

[31] T.C. Hales, A proof of the Kepler conjecture, Ann. Math. (2005) 1065-1185.

[32] G.D. Scott, D.M. Kilgour, The density of random close packing of spheres, ]. Phys. D.
Appl. Phys. 2 (6) (1969) 863.

[33] C-J.Yu, AG.Richter, A. Datta, M.K. Durbin, P. Dutta, Molecular layering in a liquid on
a solid substrate: an X-ray reflectivity study, Phys. B Condens. Matter 283 (1) (2000)
27-31.

[4

17

[8

[9


http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0005
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0005
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0010
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0010
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0015
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0015
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0020
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0020
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0025
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0025
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0030
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0030
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0030
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0035
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0035
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0040
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0040
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0040
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0045
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0045
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0045
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0045
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0050
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0050
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0055
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0055
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0060
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0060
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0060
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0065
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0065
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0065
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0070
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0070
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0070
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0075
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0075
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0075
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0075
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0080
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0080
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0080
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0085
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0085
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0085
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0090
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0090
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0095
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0095
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0100
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0100
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0100
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0105
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0105
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0105
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0105
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0110
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0110
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0110
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0115
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0115
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0120
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0120
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0120
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0125
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0125
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0125
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0130
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0130
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0135
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0135
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0135
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0140
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0140
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0145
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0145
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0145
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0150
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0150
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0155
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0160
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0160
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0165
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0165
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0165

R. Deepak Selvakumar, S. Dhinakaran / Powder Technology 301 (2016) 310-317 317

[34] T. Hashimoto, M. Fujimura, H. Kawai, Domain-boundary structure of styrene-iso- [37] J.A. Dean, Lange's Handbook of Chemistry, McGraw Hill Book Co., New York, NY,
1 .

prene block copolymer films cast from solutions. 5. Molecular-weight dependence
of spherical microdomains, Macromolecules 13 (6) (1980) 1660-1669.

[35] J. Philip, P.D. Shima, Thermal properties of nanofluids, Adv. Colloid Interf. Sci. 183
(2012) 30-45.

[36] S.M.S. Murshed, C.N. De Castro, M. Lourenco, M. Lopes, F. Santos, A review of boiling
and convective heat transfer with nanofluids, Renew. Sust. Energ. Rev. 15 (5) (2011)

2342-2354.

[38] T. E. Toolbox, Absolute or dynamic viscosity of some common liquids, [Online;

accessed 19-September-2015].
[39] D.GmbH, Dynamic viscosity of hexadecane, [Online; accessed 19-September-2015].


http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0170
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0170
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0170
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0175
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0175
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0180
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0180
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0180
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0185
http://refhub.elsevier.com/S0032-5910(16)30295-9/rf0185

	A multi-�level homogenization model for thermal conductivity of nanofluids based on particle size distribution (PSD) analysis
	1. Introduction
	2. Physical model description
	3. Development of new thermal conductivity model
	3.1. Characterization of clusters using particle size distribution (PSD) analysis
	3.2. First level of homogenization
	3.3. Second level of homogenization
	3.4. Third level of homogenization
	3.5. Fourth level of homogenization

	4. Results and discussion
	5. Conclusions
	Nomenclature
	Notations
	Greek symbols
	Subscripts

	Acknowledgments
	References


