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Abstract: Nanofluids have an enhanced thermal conductivity compared with their base fluid.
Although many mechanisms have been proposed, few of them could give a satisfactory explanation
of experimental data. In this study, a mechanism of heat transport enhancement is proposed based
on the cross coupling of thermal and electric transports in nanofluids. Nanoparticles are viewed as
large molecules which have thermal motion together with the molecules of the base fluid. As the
nanoparticles have surface charges, the motion of nanoparticles in the high-temperature region will
generate a relatively strong varying electric field through which the motion will be transported to
other nanoparticles, leading to a simultaneous temperature rise of low-temperature nanoparticles.
The local base fluid will thus be heated up by these nanoparticles through molecular collision.
Every nanoparticle could, therefore, be considered as an internal heat source, thereby enhancing
the equivalent thermal conductivity significantly. This mechanism qualitatively agrees with many
experimental data and is thus of significance in designing and applying nanofluids.

Keywords: nanofluids; heat transport enhancement; thermal motion; electric field; thermal-electric
cross coupling

1. Introduction

Heat transfer occurs nearly everywhere from electric power generation, material processing,
air conditioning to the cooling of electronic devices [1–7]. Heat transfer enhancement is becoming
increasingly important for energy saving and pollution reduction with the energy crisis and
environmental problems becoming severe. In our daily life, heat transfer enhancement also draws
much attention, since portable electronic devices are becoming thinner and smaller with increasing
functions leading to extremely large thermal loads. Hence, thermal management of these devices is
of great importance for their safe and efficient operation. One dominating parameter in heat transfer
process is the thermal conductivity of working fluid. Generally, the thermal conductivity of working
fluid such as water or oil is small compared with solid particles. For example, the thermal conductivity
of copper at room temperature is about 700 times greater than that of water, and about 3000 times
greater than that of engine oil [8,9]. As a result, nanofluids, which are dilute suspensions of nano-size
particles, have drawn much attention [10–13]. For instance, heat transfer of natural convection could
be enhanced with a small volume fraction of nanoparticles [14]. Furthermore, many studies [15–17]
showed that the application of nanofluids could enhance the performance of solar power systems.

With a small volume fraction of nanoparticles in base fluid such as 0.01%–5%, the thermal
conductivity of the mixture could increase significantly. For example, the thermal conductivity
enhancement could reach 10%–60% or even exceed 100% in some situations [18–20]. Eastman et al. [21]
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observed 44% and 60% enhancement of thermal conductivity for HE-200 oil-based Cu nanofluid
(0.052%) and for water-based CuO nanofluid (5%), respectively. Chopkar et al. [22] reported that the
thermal conductivity enhancement for water-based Ag2Al and Al2Cu nanofluids could reach 140%
and 120%, respectively, with nanoparticle concentration of 1.8%. Generally, various factors such as
temperature, base fluid, particle volume fraction, particle material, particle size and particle shape have
been found to influence the thermal conductivity enhancement of nanofluids [23–25]. For example, the
thermal conductivity increases with increasing temperature [25], and the lower thermal conductivity
of based fluid, the higher thermal conductivity enhancement of the mixture [26,27]. The aspect ratio of
nanoparticles and their tangling are also found to have a great influence on the thermal conductivity
of nanofluids [28]. However, the effects of many factors are inconsistent in different experiments.
Some studies indicated that the thermal conductivity of nanofluids increased with decreasing particle
size [25,29], while other researchers showed increasing thermal conductivity with the increase of
particle size [30,31]. A higher thermal conductivity of nanofluids is commonly observed with a
higher thermal conductivity of the nanoparticles [32], while Shima and Philip [33] discovered that the
thermal conductivity of nanoparticles did not influence the thermal conductivity enhancement of dilute
nanofluids, and the thermal conductivity was solely dependent on the volume fraction of nanoparticles.
Furthermore, some studies even showed that the nanoparticle with lower thermal conductivity might
yield higher thermal conductivity enhancement of nanofluids [34]. To explain the anomalous enhanced
thermal conductivity of nanofluids, several possible mechanisms are proposed [23], such as Brownian
motion of nanoparticles, liquid layering at the liquid/particle interface, ballistic nature of heat
transport in nanoparticles, and the effect of nanoparticle clustering. Although some studies supported
the importance of Brownian motion for the enhanced thermal conductivity of nanofluids [35,36],
there are other researchers against it [37,38]. As for the liquid layer at the liquid/particle interface,
molecular dynamic simulations [39–42] discovered water density fluctuation near the solid surface
representing the liquid layer and could explain the thermal behavior such as temperature jump
on the surface, while some studies [43–45] indicated that the liquid layer might not influence the
thermal behavior of nanofluids. In addition, Keblinski et al. [44] found that ballistic heat transport
still could not explain the anomalous thermal conductivity enhancements either. In terms of the
nanoparticle clustering, the studies also show contradictory results. Keblinski et al. [44] denoted that
clustering of nanoparticles created paths with low thermal resistance leading to enhanced thermal
conductivity, while Evans et al. [46] reported that the nanofluid with clusters showed relatively small
thermal conductivity enhancement. Therefore, the mechanism responsible for the enhanced thermal
conductivity of nanofluids is still unclear.

In this paper, we propose a thermal-electric cross-coupling mechanism to explain the
enhanced heat transport in nanofluids through a microscopic model based on molecular dynamics.
As nanoparticles in the base fluid have surface charges, a varying electric field will be generated
accompanying the particle thermal motion. In this model, the thermal motion of a nanoparticle in
the diffusion layer is simplified as a vibration movement to indicate the effect of the cross coupling
between thermal motion and electric field. As the electrostatic force is a long-range force, the thermal
motion could be transported to other nanoparticles simultaneously, and then local heat exchange
with base fluid will take place via molecular collision. This transport process could be the main
reason for heat transport enhancement in nanofluids. As this mechanism could qualitatively explain
many experimental results in the literatures, it will not only provide a new strategy to understand the
beneath mechanism of the enhanced heat transport, but also be of great importance for the design and
application of nanofluids.

2. Model of Nanofluids

When nanoparticles are exposed to a fluid, a charged layer will be generated on the surface of the
particles, where zeta potential is a parameter characterizing the charge density. Under the action of
electrostatic force, ions with charges of the opposite sign will be attracted around the particle, forming
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a diffusion layer shown in Figure 1a. In most conditions, the radius of the diffusion layer could reach
several hundred nanometers or even several micrometers [47], which is much larger than the radius of
nanoparticles. Due to Brownian motion, the nanoparticles move irregularly. To simplify Brownian
motion of the nanoparticles, we assume their diffusion layers are immobile, which is reasonable since
the diffusion layer is much larger than the nanoparticles and, consequently, when a nanoparticle moves
a small distance, its diffusion layer may not have enough time to deform. Hence, the movement of a
nanoparticle makes the center of the particle charge deviate from the center of the opposite charge of
the diffusion layer. Consequently, the nanoparticle will be pulled back because of electrostatic force.
However, when the center of the positive and negative charge overlap again, the nanoparticle will
have a non-zero velocity, making it move forward, then it will be pulled back again. Therefore, the
nanoparticle will vibrate around the charge center of the diffusion layer under the electrostatic force.
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Figure 1. (a) Charged nanoparticle with the diffusion layer. The large particle denotes a charged
nanoparticle and the small particles indicate the ions with opposite charges; (b) Equivalent vibration
model of the nanoparticle. The central particle is a pseudo-particle equivalent to the diffusion layer
and the other particle denotes the nanoparticle which vibrates around the pseudo-particle. r is the
relative distance between the nanoparticle and the center of its charged diffusion layer.

In this model, we regard the diffusion layer as a pseudo-charged particle positioned at its center,
whose charge quantity is equal to the nanoparticle, but with the opposite sign. Thus, the motion of the
nanoparticle could be modeled as a vibration around the pseudo-particle, shown in Figure 1b. In other
words, the nanoparticle and the pseudo-particle form an electric dipole, in which the nanoparticle
vibrates periodically, with the center of the pseudo-particle being the equilibrium position.

According to electrostatics, the relationship between zeta potential and the corresponding charge
quantity could be described approximately based on:

ζp ≈
q

4πεb
; q ≈ 4πεbζp (1)

where ζp is zeta potential, q is charge quantity, ε is dielectric constant, and b is the radius of nanoparticle.
The orders of zeta potential and corresponding charge quantity are O(10 mV) and O

(
10−17 C

)
respectively [48], where “O” represents magnitude order. The length scale of the diffusion layer
could be characterized by Debye length of the electric double layer:

λ =

√
εRT

F2 ∑ z2
i ci

(2)

where λ is Debye length, R is the universal gas constant, T is thermodynamic temperature, F is Faraday
constant, zi is chemical valence of species i, and ci is concentration of species i. The order of λ is
O
(
10−6 m

)
in pure water at 300 K, which is larger than the length scale of nanoparticles.



Energies 2017, 10, 123 4 of 13

To simplify the model, we assume that all the charges in the diffusion layer distribute
homogenously. Meanwhile, the nanoparticle is considered as a test charge in the diffusion layer.
As the whole charge quantity of the diffusion layer equals that of the nanoparticle, the intensity of the
electric field in the diffusion layer generated by homogenous ions could be calculated approximately
by, according to Equations (1) and (2):

E =
1

4πε
ql
λ3 = bF3ζpl

(
∑ z2

i ci

εRT

)3/2

(3)

where l (l < λ) is the distance to the center of the diffusion layer. As the charges distribute
homogenously in the spherical diffusion layer, the intensity of the electric field, a vector sum, is
zero at l = 0 and it increases with the increase of l when l < λ. The maximum intensity of electric field
is the order of O(10 N/C) and the corresponding force on the test charge, nanoparticle, is the order of
O
(
10−16 N

)
.

Based on thermodynamics, temperature is a macroscopic quantity. It loses its meaning at
microscales, especially on the scale of molecules. Temperature characterizes the intensity of the
molecular thermal motion, which satisfies the Maxwell–Boltzmann distribution at equilibrium position,
according to molecular dynamics. The more intensive the thermal motion, the higher the temperature.
Take monatomic ideal gas molecules for an example; the relationship between the average kinetic
energy and temperature is given by m·v2/2 = 3k·T/2, where k is Boltzmann constant. For multi-atomic
molecules, the energy of thermal motion not only includes translational kinetic energy, but also
includes vibration energy and rotational energy. In some solid materials such as crystal, temperature
characterizes the average intensity of lattice vibration. Hence, in nanoscale materials like crystal, the
temperature gradient is caused by the difference of the lattice vibration energy and the transport of the
vibration energy in microscale represents the heat transport in macroscale.

Generally, the length scale of macromolecules could reach 100 nm, which is equivalent to the
diameter of nanoparticles, so the nanoparticle and its vibration scale are on the scale of molecules
approximately. Consequently, it is reasonable to apply the theory of molecular dynamics to the
nanoparticle system and thus the thermal motion of nanoparticles is equivalent to the thermal motion
of macromolecules, which is accepted in many literatures [49–52]. In the following, we will adopt the
vibration movement of the nanoparticle, denoted in Figure 1b, representing the complicated thermal
motion to show the effect of the thermal-electric cross coupling on heat transport in nanofluids. Hence,
the temperature has a relationship with the nanoparticle vibration just like the thermal motion of
molecules and, thus, the more intensive the vibration, the higher the temperature. In this vibration
model, the nanoparticle is assumed to have one vibration freedom. As the kinetic energy and potential
energy could transform into each other, we give the average potential energy and kinetic energy of the
electric dipole vibration, according to the equipartition theorem:

U =
1
2

kT, Ek =
1
2

kT (4)

where k is Boltzmann constant and T is thermodynamic temperature.
The electric field generated by the charged diffusion layer provides the force to maintain the

nanoparticle vibration and the maximum corresponding acceleration is the order of O
(
103 m/s2), thus

we can obtain the governing equation of the particle vibration based on Equation (3):

d2r
dt2 +

bF3ζpq
m

(
∑ z2

i ci

εRT

)3/2

r = 0; r = 0,
dr
dt

=

√
2kT
m

at t = 0 (5)
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where r is relative distance between the nanoparticle and the center of the charged diffusion layer
shown in Figure 1b, and m and q are the mass and charge quantity of the nanoparticle, respectively.
Hence, the solution of Equation (5) is given by:

r =
1
ω

√
2kT
m

sinωt (6)

where ω =
√

bF3ζpq[(∑ z2
i ci)/(εRT)]3/2/m, which is the angular velocity of the vibration. Therefore,

the electric moment of the electric dipole could be obtained:

p = qr =
q
ω

√
2kT
m

sinωt (7)

As for the whole nanofluid, there are tons of nanoparticles distributed in the base fluid. Every
nanoparticle with its charged diffusion layer is equivalent to an electric dipole. In order to model the
whole nanofluid, we assume that all the nanoparticles are distributed uniformly and all the directions
of the equivalent electric dipoles are the same and perpendicular to the direction of the temperature
gradient, which is shown in Figure 2. Furthermore, another assumption is also applied that Brownian
motion only results in the vibration of nanoparticles and the equilibrium positions of the nanoparticles
remain unchanged.
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in the base fluid and the directions of all dipoles are the same and perpendicular to the direction of the
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3. Cross Coupling of Thermal Motion and Electric Field

3.1. Effect of Electric Field on Heat Transport

According to molecular dynamics, temperature characterizes the intensity of the thermal motion
of molecules. In classical heat conduction, the collision of molecules is the main mechanism of heat
transport. However, due to the existence of the surface charges of nanoparticles, the electrostatic
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force generated by the charged particles may play an important role in heat transport process in
nanofluids. In the high-temperature region, the nanoparticles move intensively, while the motion
of the nanoparticles is weaker in the low-temperature region. The intensive motion of the charged
nanoparticles will generate a strongly varying electric field, which gives a varying electrostatic force
on the charged nanoparticles in the low-temperature region. Then, the motion of low-temperature
nanoparticles will become intensive simultaneously, which means that the temperature of the
nanoparticles becomes higher than the local fluid molecules. As a result, the local fluid will be heated
up by the nanoparticles through molecular collision. In this heat transport process, particle–particle
interaction is induced by the electrostatic force, while the fluid–fluid and fluid–particle interaction are
caused by molecular collision. In other words, the nanoparticles in the low-temperature region are
heated up by the high-temperature nanoparticles through varying electrostatic force instantly, and
they then transport heat to the local fluid by molecular collision in the low-temperature region, which
may be the intrinsic mechanisms of heat transport enhancement in nanofluids.

The nanoparticle with its charged diffusion layer is equivalent to an electric dipole and, to simplify
the problem in nanofluids, we take two equivalent dipoles as an example to analyze the cross coupling
of thermal motion and electric field, shown in Figure 3. In this two-dipole interaction model, L is the
distance between the two electric dipoles, r is the relative distance between the nanoparticle and the
center of the charged diffusion layer, and T1 and T2 (T1 > T2) are the initial temperature of the two
adjacent electric dipoles, respectively. The electric field generated by the high-temperature particle
will accelerate the motion of the low-temperature particle and, meanwhile, the electric field generated
by the low-temperature particle also influences the motion of the high-temperature particle. In this
analysis, we take one step of heat transport from the high-temperature particle to the low-temperature
particle as an example to illustrate the effect of electric field on the heat transport process.
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Figure 3. Schematic of nanoparticle interaction under the cross coupling of thermal motion and electric
field. L is the distance between the two adjacent electric dipoles, r is the relative distance between
the nanoparticle and the center of its charged diffusion layer and T1 and T2 (T1 > T2) are the initial
temperature of the two nanoparticles, respectively.

As T1 > T2, heat will simultaneously transport from the particle with temperature T1 to the
particle with temperature T2 through the interaction of electric field. According to Equation (7), the
electric moment of the electric dipole with temperature T1 is given by:

p1 = q1r =
q1

ω1

√
2kT1

m1
sinω1t ; ω1 =

√√√√ b1F3ζp1q1

m1

(
∑ z2

i ci

εRT1

)3/2

(8)

where m1, q1, b1 and ζp1 are the mass, charge quantity, radius and zeta potential of the nanoparticle
with temperature T1, respectively.
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The intensity of the varying electric field, which is generated by the vibration of the electric
dipole with temperature T1, at the position of electric dipole with temperature T2 could be calculated
via electrostatics:

E1 = − 1
4πε

p1

L3 = − 1
4πεL3

q1

ω1

√
2kT1

m1
sinω1t (9)

Therefore, the induced motion of the nanoparticle with temperature T2 because of E1 is
governed by:

d2r2

dt2 +
q2

4πεm2L3
q1

ω1

√
2kT1

m1
sinω1t = 0; r2 = 0 at t = 0 and t = τ (10)

where m2 and q2 are the mass and charge quantity of the nanoparticle with temperature T2 ,
respectively, and τ is the motion period. The solution of Equation (10) gives:

r2 =
q1q2

4πεm2L3ω3
1

√
2kT1

m1
sinω1t (11)

Hence, the vibration frequency induced by the varying electric field is given by:

f2 =
ω1

2π
=

1
2π

√√√√ b1F3ζp1q1

m1

(
∑ z2

i ci

εRT1

)3/2

(12)

According to Equation (6), the intrinsic vibration of the nanoparticle with temperature T2 is:

r∗2 =
1
ω2

√
2kT2

m2
sinω2t; ω2 =

√√√√ b2F3ζp2q2

m2

(
∑ z2

i ci

εRT2

)3/2

(13)

where b2, ω2 and ζp2 are the radius, angular velocity and zeta potential of the nanoparticle with
temperature T2, respectively. Thus the intrinsic frequency is governed by the low-temperature
nanoparticle and base fluid:

f ∗2 =
ω2

2π
=

1
2π

√√√√ b2F3ζp2q2

m2

(
∑ z2

i ci

εRT2

)3/2

(14)

According to the superposition principle, the motion of the nanoparticle with original temperature
T2 could be calculated by, based on Equations (11) and (13):

r̃2 =
q1q2

4πεm2L3ω3
1

√
2kT1

m1
sinω1t +

1
ω2

√
2kT2

m2
sinω2t (15)

The velocity of the particle is then given by:

v =
dr̃2

dt
=

q1q2

4πεm2L3ω2
1

√
2kT1

m1
cosω1t +

√
2kT2

m2
cosω2t (16)

It should be noted that when the frequency of the induced vibration equals the intrinsic frequency,
namely ω1 = ω2, resonance will take place and the nanoparticle will have the largest amplitude and
velocity, which means that the nanoparticle has the highest temperature. When the resonance takes
place, the largest velocity of the nanoparticle is:
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vmax =
q1q2

4πεm2L3ω2
1

√
2kT1

m1
+

√
2kT2

m2
(17)

whose order is O
(
10−1 m/s

)
at 300 K. Thus, the energy of the low-temperature nanoparticle is:

Ek2 =
1
2

m2v2
max =

(
q1q2

4πεL3ω2
1

)2
kT1

m2m1
+

kq1q2

2πεL3ω2
1

√
T1T2

m1m2
+ kT2 = kT∗2 > kT2 (18)

where T∗2 is the transient temperature of the nanoparticle, which is larger than the local temperature T2.
As T∗2 > T2, the nanoparticle will transport heat to the local fluid by molecular collision.

According to Equations (12) and (14), in the same base fluid, the induced frequency is determined by
the nanoparticle with temperature T1, while the intrinsic frequency depends on the nanoparticle with
temperature T2. In actual nanofluids, as the size and shape of the nanoparticles cannot be exactly the
same, the induced frequency generated by nanoparticles in the high-temperature region is not unique,
but various, and thus there always exist some nanoparticles in the low-temperature region whose
intrinsic vibration frequency is equal to one induced frequency. Therefore, resonance is inevitable in
nanofluids, leading to the existence of nanoparticles with relatively high temperature surrounding
low-temperature base fluid. Consequently, heat will transport from nanoparticle to base fluid by
molecular collision. As a result, the heat transport process could be enhanced by the cross coupling of
thermal and electric effects, yielding an enhanced thermal conductivity.

3.2. Thermal Motion of Magnetic Nanoparticles

If the nanoparticles are magnetic particles, the intensive thermal motion of them in the
high-temperature region will generate a strongly varying magnetic induction field, which could
give a varying magnetic force on the surrounding magnetic particles. Consequently, the motion of
the low-temperature particles will become intensive, leading to a simultaneous temperature rise.
Meanwhile, the surrounding molecules of base fluid remain at low temperature, which will be heated
up by the relatively high-temperature nanoparticles. As a result, the heat transport process will be
enhanced because of the cross coupling of thermal motion and magnetic induction field, which is
similar to the cross coupling of thermal motion and electric field.

4. Influence Factors of Heat Transport in Nanofluids

The essence of heat transport in microscale is known as the energy transport of thermal motion
according to molecular dynamics. The molecules in the high-temperature region have more intensive
thermal motion compared with that in the low-temperature region. Hence, the thermal motion
will be transported by molecular collision and thus the heat transfer speed is determined by the
molecular collision speed. In nanofluids, the electrostatic force is a long-range force compared with the
intermolecular force. Thus, unlike the classical heat transport by the collision of molecules, the motion
of charged nanoparticles could be transported wherever electric field exists, without the contact of
two nanoparticles. As the transport speed of electric field is the speed of light, the transport speed of
heat disturbance is also the speed of light. This means that the temperature of a nanoparticle can be
influenced by the temperature change of another nanoparticle simultaneously. Therefore, heat transport
with charged nanoparticles could be enhanced greatly compared with non-charged molecules. In terms
of macroscopic view, we could consider every nanoparticle as an internal heat source, which will
greatly enhance the equivalent thermal conductivity.

According to the cross coupling of thermal motion and electric field, the enhanced heat transport
is determined by the induced motion, while if the particle charge is neutral, there will be no
induced vibration and thus the additional energy caused by induced motion is zero according to
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Equation (18). With non-zero particle charge, based on Equation (1), the energy of the low-temperature
(T2) nanoparticle, Equation (18), could be rearranged into:

Ek2 = kT∗2 =
kT4

1
F6L6

(
q2

q1

)2 m1

m2

(
εR

∑ z2
i ci

)3

+
2kT2

1
√

T2

L3F3
q2

q1

(
m1

m2

)1/2
(

εR
∑ z2

i ci

)3/2

+ kT2 (19)

where T∗2 is the transient temperature of the nanoparticle with original temperature T2. Therefore, the
temperature difference (T∗2 − T2) between the nanoparticle and the surrounding base fluid is

∆T =
T4

1
F6L6

(
q2

q1

)2 m1

m2

(
εR

∑ z2
i ci

)3

+
2T2

1
√

T2

L3F3
q2

q1

(
m1

m2

)1/2
(

εR
∑ z2

i ci

)3/2

(20)

whose order is O
(
10−3 K

)
around room temperature.

On the other hand, if the charged particle is under externally uniform magnetic field, magnetic
force, depending on the direction of the magnetic field, will be exerted on the particle. When the
direction of the magnetic field is not parallel to the particle velocity, the particle will suffer a magnetic
force perpendicular to the particle velocity, and thus part of the vibration energy will transform into
rotational kinetic energy, which will lead to a more intensive variation of the electric field. Therefore,
an additional temperature rise caused by the rotational motion must be introduced into Equation (20).
However, when the direction of the magnetic field is parallel to the particle velocity, the nanoparticle
will not suffer magnetic force and thus Equation (20) remains the same.

The cross coupling of thermal and electric effects makes heat transport from high-temperature
nanoparticle to low-temperature nanoparticle simultaneously, and, meanwhile, the temperature of
the local base fluid is unchanged since the propagation speed of electric field equals the speed of
light, which is far too faster than the speed of the energy transport by molecular collision. Then, the
preheated nanoparticle will heat up the local fluid leading to a higher equivalent thermal conductivity.
Therefore, the temperature difference in Equation (20) is the governing parameter determining the
enhancement of heat transport in nanofluids. In other words, the larger the ∆T, the larger the equivalent
thermal conductivity.

According to Equation (20), the main factors determining the enhancement of equivalent thermal
conductivity include temperature, particle charge ratio, particle mass ratio, particle concentration
which is inversely proportional to 3 power of L, and the property of base fluid determined by
dielectric constant, ion charges and ion concentrations. Equation (20) shows that the equivalent
thermal conductivity increases with the increase in temperature and particle concentration, which
qualitatively agrees with the results in many studies [25,29,32,53,54], and part of the experimental data
of these literatures are shown in Figure 4. Furthermore, the enhancement of thermal conductivity
also depends on the base fluid (agrees with the results in references [26,30]), which determines
dielectric constant, ion charges and ion concentrations. It should be noted that the particle mass
ratio and particle charge ratio in nanofluids, instead of particle size, affect the equivalent thermal
conductivity, which could explain the contradictory experimental results relevant to the influence of
particle size [25,29–31]. Meanwhile, Equation (20) also could explain the results in literatures [33,34]
that the thermal conductivity of nanoparticles did not influence the thermal conductivity enhancement
of dilute nanofluids. Equation (20) is useful in the design of nanofluids. If we need nanofluid with
high thermal conductivity enhancement, for example, we can increase the temperature, particle
concentration or dielectric constant of the base fluid as well as decrease the ion charges or ion
concentrations in base fluid, based on Equation (20).
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Figure 4. Thermal conductivity enhancement with respect to particle volume fraction and temperature.
(a) Ambient temperature nanofluid effective thermal conductivity for water-based Al2O3 nanofluid [25];
(b) Thermal conductivity enhancement of Al2O3 in water suspensions against temperature [53].
The thermal conductivity enhancement increases with the increase of particle concentration and
temperature, which means that our analysis agrees well with the experimental data qualitatively.

5. Concluding Remarks

In nanofluids, a small fraction of nanoparticles in base fluid could enhance the equivalent thermal
conductivity significantly. However, the mechanism of heat transport enhancement has not been clear.
We proposed a mechanism based on the cross coupling of thermal and electric effects from the aspect of
molecular dynamics. As the propagation speed of the electric field equals the speed of light, the thermal
motion of the nanoparticle in the high-temperature region could be simultaneously transported to
low-temperature nanoparticles, leading to an instant temperature rise of the nanoparticles in the
low-temperature region. Then, heat will transport from the preheated nanoparticles to the local base
fluid through molecular collision. Thus, each nanoparticle could be considered as an internal heat
source, which is the same for magnetic nanoparticles. Hence, the equivalent thermal conductivity will
be enhanced. The theoretical analysis shows that the equivalent thermal conductivity of nanofluids
increases with increasing temperature and particle concentration. The effect of base fluid is determined
by dielectric constant, ion charges and ion concentrations. Particle mass ratio and particle charge ratio
in the nanofluids, rather than particle size, influence the thermal conductivity enhancement. As the
prediction agrees with the experimental results qualitatively in many literatures and could explain
some contradictory results, our proposed mechanism sheds lights on the intrinsic mechanism of the
enhanced heat transport by additional nanoparticles, which is of great importance for the design and
application of nanofluids.
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Nomenclature

Symbols
b radius of nanoparticle (m)
ci concentration of species i (mol/m3)
E intensity of the electric field (N/C)
Ek2 kinetic energy (J)
Ek average kinetic energy (J)
f2 induced frequency (Hz)
f ∗2 intrinsic frequency (Hz)
F Faraday constant (C/mol)
k Boltzmann constant (J/K)
l distance to the center of diffusion layer (m)
L distance between two nanoparticles (m)
m mass of a nanoparticle (kg)
p electric moment (C·m)
q charge quantity (C)
r vibration displacement (m)
r2 induced vibration displacement (m)
r∗2 intrinsic vibration displacement (m)
r̃2 vibration displacement (m)
R universal gas constant (J/(mol·K))
T thermodynamic temperature (K)
T∗2 transient temperature (K)
∆T temperature difference (K)
v velocity (m/s)
vmax maximum velocity (m/s)
U average potential energy (J)
zi chemical valence of species i (-)
Greek Symbols
ε dielectric constant (F/m)
ζp zeta potential (V)
λ Debye length (m)
ω angular velocity (rad/s)
Subscript
1 high-temperature nanoparticle
2 low-temperature nanoparticle
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