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ABSTRACT: In this paper, thicknesses of interfacial nanolayers of alumina-deionized water (DW)
and titanium dioxide-deionized water (DW) nanofluids are studied. Thermal conductivities of both
nanofluids were measured in a temperature range of 298 to 353 K at particle volume ratios of 0.2 to
1.5% by experiments. A theoretical model considered both the effects of the interfacial nanolayer
and Brownian motion is developed for thermal conductivity. A relational expression between
nanolayer thickness and bulk temperature and volume fraction of particles of nanofluids is derived
from the theoretical model. With the experimental data of thermal conductivity, changes of
nanolayer thickness with nanofluids macroscopic properties (bulk temperature and particle volume

ratio) are obtained. The present results show that nanolayer thickness increases with fluid
temperature almost linearly and decreases with particle volume fraction in a power law. Based on the present results, simple formulas
of interfacial nanolayer thickness as a function of fluid temperature and particle volume fraction are proposed for both water-based

nanofluids.

B INTRODUCTION

The concept of nanofluid, a kind of nanoparticle-laden
colloidal solution, was first proposed by Choi in 1995," and
in this literature, Choi presented that nanofluids could improve
the heat transfer coeflicient by increased thermal conductivity
and by the effect of nanoparticles on fluid flow. Many studies
have been conducted on suspension stability, thermophysical
properties, and flow properties (heat transfer and flow
resistance) of nanofluids, among which there were a great
part of studies that were focused on thermal conductivities of
nanofluids. Plenty of studies’ * have shown that addition of
nanoparticles could obviously increase thermal conductivities
of solutions. Besides, some scholars began to use novel
methods like neural network and connectionist methods to
study thermal properties of nanofluids.’~® The interesting
phenomenon of increasing heat conduction leads to many
academic viewpoints for physical explanations. First, it is a
dominant view that Brownian motion causes the increase of
nanofluid thermal conductivity. Jang and Choi’ presented four
modes of energy transport in nanofluids and concluded that
Brownian motion played an important role. Similarly, Prasher
et al.'"’ confirmed that Brownian motion was the main reason
for the increase of thermal conductivity via comparing results
of experiment data and the calculated value of a prediction
model considering Brownian motion. Koo and Kleinstreuer'"
and Xu and Yu,"? respectively, constructed a theoretical model
based on Brownian motion for predictions of thermal
conductivities of copper oxide—DW and alumina—DW nano-
fluids. Besides, aggregation is also a factor that has an influence
on thermal conductivities of nanofluids, especially with small
nanoparticles.'”'* Another important factor for increased

© 2020 American Chemical Society

7 ACS Publications

thermal conductivity is the effect of the interfacial nanolayer,
and its effect has been studied by many researchers in recent
years. For example, Yu and Choi,"® Leong et al,'® Xie et al,'”
and Tso et al.'® separately proposed theoretical models for
prediction of thermal conductivity with the nanolayer as one of
the major factors. Meanwhile, there still are some uncertainties
in theory of interfacial nanolayers such as distribution of
thermal conductivity in the nanolayer and properties of
nanolayer thickness that have not been sufliciently recognized.
Up to now, a number of researchers have studied properties of
nanolayer thickness by optical experimental measurements'® or
by molecular dynamics simulations.”’™>* Several prediction
models about thickness of the nanolayer have been
proposed.”*">° However, these models are all related to the
microparameters such as surface tension or Avogadro constant.
So far, there has not been a widely accepted method to directly
relate nanolayer thickness with macroparameters of nanofluids.
How to determine nanolayer thickness is still a key issue that
needs further research.

In this paper, alumina and titanium dioxide nanoparticles
were selected to prepare nanofluids for their good chemical
stability. On the premise of ensuring the dispersibility and
stability of nanofluids, thermal conductivities of alumina—DW
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and titanium dioxide—DW nanofluids in a temperature range
of 298 to 353 K and volume fraction ratios of nanoparticles of
0.2 to 1.5% are obtained by experiments. As a microparameter,
the thickness of interfacial nanolayers is related to other
microparameters that are difficult to measure. In order to
quantitatively obtain nanolayer thickness, the relation between
nanolayer thickness and macroparameters is derived in the
paper by a novel method with combination of experimental
results and theoretical analysis. A new theoretical model of
thermal conductivity is proposed, and based on the model and
experimental data, effects of nanofluid macroscopic properties
on nanolayer thickness of both nanofluids are studied and
fitting formulas of nanolayer thickness as functions of fluid
temperature and particle volume fraction are obtained.

B RESULTS AND DISCUSSION

Theoretical Model of Nanofluid Thermal Conductiv-
ity. Up to now, there are three dominant viewpoints how
nanoparticles affect heat conduction of solutions. Because of
the small size of nanoparticles, Brownian motion of particles
exists in nanofluids and results in the microconvection effect.
The influence of Brownian motion will be more significant
with higher temperature on account of higher characteristic
velocity of Brownian motion.””** Also, due to the small size
effect, nanoparticles will aggregate in solution with huge
surface energy. However, there has been a study'’ that proved
that the effect of aggregation on nanofluids thermal
conductivity is negligible when the particle size is larger than
10 nm. The effect of the interfacial nanolayer has been
considered as a primary cause for the increase of thermal
conductivity by many studies."”*” A nanolayer is an interfacial
layer between particles and liquid. Liquid molecules form an
ordered layer structure as the shell on particle solid surfaces
due to intermolecular forces existing between the particle
surface and liquid including van der Waals force and
Coulombic force.”® Hence, the thermal conductivity of the
nanolayer is higher than that of the base liquid."®

Therefore, according to the previous studies, Brownian
motion and interfacial nanolayer are the two main factors for
the change of thermal conductivities of nanofluids. In this
paper, a new theoretical model of thermal conductivity is
constructed with the classical solid—liquid two-phase theory,”"
Brownian motion theory,m’11 and interfacial nanolayer
theory, 153233

First, the nanolayer effect is considered. The particle and the
nanolayer can be considered to be an equivalent particle with
larger size. Thus, the equivalent volume fraction and the
equivalent particle thermal conductivity need to be redefined.
The equivalent volume fraction can be written as

4 4 Y’

=—7rr+h3n=—m’3n(l+—]= 1+ p)°
b= tatr+ =2 S =aent
where r is the particle radius, h is the thickness of the
nanolayer, n is the particle number per volume, ¢ is the particle
volume fraction, and f is the ratio of h to r. The equivalent
particle thermal conductivity can be calculated based on
effective medium theory’” as

L U=+ A+ P+ 20
e y=1+0+p0+2y) °F )

where y is the ratio of nanolayer thermal conductivity to
particle thermal conductivity (y = k;/ kp), k, is the particle

thermal conductivity, and k; is the average thermal
conductivity in the nanolayer.

The average thermal conductivity can be determined by the
following procedure. At the interface between the nanolayer
and particle, the nanolayer thermal conductivity should be
equal to that of particles, and at the interface between the
nanolayer and liquid, the nanolayer thermal conductivity
should be equal to that of base liquid. The thermal
conductivity inside the nanolayer is assumed to be a linear
change across nanolayer thickness at first assumption
referenced to the literature.">** It is worth mentioning that
several forms of thermal conductivity distribution inside the
nanolayer, like parabolic distribution, have been tried to be
calculated for the nanofluid thermal conductivity, and it is
found that the change of distribution forms had little influence
on the final results. The distribution of thermal conductivity
inside the nanolayer is as follows

k, = ke

k = kP — t where t € [0, h]

Q)

where k¢ is the thermal conductivity of the base fluid and ¢ is
the distance from the particle surface to the calculated position.
Therefore

= k, = k¢
2 4)
For solid—liquid two-phase solutions, the classical thermal
conductivity model is the Maxwell model,*® which has been

proven to be effective by many research works.”*>'* The
Maxwell model formula is written as

L k, + 2k + 2¢(kp — k)
eff —

f
k, + 2k — ¢k, — k) (s)
With eqs 1 and 2, a new theoretical formula considering the
nanolayer effect can be gotten by replacing ¢ and k, in eq S
with ¢, and k. and is written as

L koe + 2k + 2(1 + BY’p(k,, — kf)k
eff —

kpe + 2k = (L+ PPk — ko) ©)

The effect of Brownian motion needs to be considered as
well. The velocity of particle movement due to the Brownian
effect can be calculated as'’

3xT 1 18T
V. = _— = —
P
mp dP E'OPdP (7)

where « is the Boltzmann constant, p,, is the density of the
particle, and d, is the diameter of the particle. After that, the
Reynolds number of particle motion can be written as

Re = Wy 1 [18T
v v ﬂppdp (8)

The value of the Reynolds number of particle motion gotten
by order of magnitude analysis is less than 1, which means that
the flow falls in the Stokes flow regime. Thus, the effective
thermal conductivity of a fluid with a single spherical particle at
low Reynolds numbers'”*® can be written as

kg, = k¢(1 + RePr) ()
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For multiple spherical particles in Stokes flow, the effective
thermal conductivity can be calculated as a semianalytical
formula referenced to the literature'**’

kg, = k(1 + aRe"Pr") (10)

where the values of constants a, m, and n depend on particle
size and particle concentration. Replacing k; in eq 6 with kg, in
eq 10, a theoretical model is gotten

koo + 2k +2(1 + Bk, — k
k= (1 4 aRe™Pr")=2 2 ﬂ)3 ok, 0
kpe + Zkf - (l + ﬂ) ¢(kpe - kf)
k (11)

Properties of Nanolayer Thickness. The theoretical
model of eq 11 includes both effects of Brownian motion and
nanolayer. In order to analyze the influence of nanolayer
thickness solely, the term of Brownian motion in eq 11 can be
eliminated by the following analysis process.

According to eq 11, as the volume fraction of the particle is
close to zero infinitely, the value of k. should be equal to k.
Hence, egs 12 and 13 can be made.

kpe + 2k; + 2(1 + B) (k. — k)

ko _ kpo+ 2ke — (14 B (K, — k¢)
Keigmo e+ 2K

=0 ey + 2k (12)
kg _ Kpe+ 2k + 2(1 + B p(k,. — ke)

ke kpe + 2k = (1 + )’ p(k,, — k) (13)

All the variables in eq 13 except f are pre-given or measured
by experiments.

In the experiments, the water-based nanofluids with two
kinds of nanoparticles of Al,O; and TiO, are prepared with the
two-step method.”®*” A small amount of sodium dodecyl
benzene sulfonate (SDBS) is added as the dispersant for good
stability of the solutions as referenced to the literature.*>"!
Besides, magnetic force agitation to homogenize the
suspension and ultrasonication to break up the aggregation
of particles are used as well. The particle diameter of Al,O; and
TiO, is 30 nm, and the volume fraction changes from 0.2 to
1.5%. All the particles are supplied with quality inspection
certifications ensuring size and quality of particles.

The transient hot wire method***’ based on one-dimen-
sional unsteady heat conduction is applied in this paper to
measure thermal conductivities of nanofluids. Compared with
other measurement methods of thermal conductivity, the
measurement speed of the transient hot wire method is fast,
and the measurement error caused by convection can be
reduced due to the short measurement time. So, the
measurement accuracy is relatively good. In order to make
sure the accuracy of measurement, the thermal conductivity of
deionized water has been measured and compared to standard
values from the National Institute of Standards and
Technology (NIST) refprop 9.1 database. It is shown in
Table 1 that the biggest deviation of the measured value from
the standard value is 1.13%. Besides, multiple measuring results
at different times of nanofluid thermal conductivity are given in
Table 2 to verify the repeatability of measurement. As shown
in the table, the standard derivation of the measured values on
different days is only 0.8%, indicating a good repeatability of
measurements.

Table 1. Comparison of Measured Thermal Conductivity
with Standard Values (25 °C)(W/(m°k))

standard measured measured measured
series value value 1 value 2 value 3
data 0.6067 0.6032 0.5998 0.6046

Table 2. Measuring Results of Alumina—DW Nanofluids (1
g/L, 50 °C) at Different Times

time day 1 day 2 day 3
thermal conductivity (W/(m'k)) 0.7217 0.7246 0.7095

Experimental results of thermal conductivities of alumina—
DW and titanium dioxide—DW nanofluids are given in Figure
1. As shown in the figure, thermal conductivities of both
nanofluids increase with fluid temperature and particle volume
fraction significantly. At room temperature, the increase rates
of thermal conductivity are in the range of 4 to 10%. The
results are consistent with those in other studies'”*”*" with
similar conditions. Figure 1 also shows that at high
temperatures (higher than SO °C), the increase rates reach
15 to 40% with different volume fractions. Compared to the
value of water, thermal conductivities of both nanofluids are
increased significantly with slight additions of nanoparticles.

Therefore, the value of 3 (the ratio of nanolayer thickness to
particle radius) of different particles at varied temperatures and
particle volume fractions can be determined by solving eq 13.

Figure 2 presents the results of § based on the experimental
data of nanofluid thermal conductivity and eq 13. It is found
that the value of § is in a range of approximately 0.03 to 0.2
and it is closely related to fluid temperature and particle
volume fraction. For both water-based nanofluids, # increases
with the increase of temperature and decreases with the
increase of the particle volume fraction. For the phenomenon
that the nanolayer thickness changes with temperature and
particle concentration, some explanations are given. First, one
of the reasons that liquid molecules are arranged more closely
on the surface of particles is that the attractive force between
particles and liquid molecules is greater than that between
liquid molecules themselves. However, as the temperature
rises, liquid molecules are likely to break free from the bonds of
particles and do irregular thermal motions. Thus, the
arrangement of liquid molecules on the surface of particles is
looser and the thickness of the nanolayer is increased with
higher temperature. When the particle concentration rises, the
repulsive force between particles will rise with a closer distance
between particles. Thus, liquid molecules between particles are
arranged more compactly and the thickness of the nanolayer is
smaller.”” Besides, in general, the value of § for TiO,—DW
nanofluids is slightly higher than that for AL,O;—DW
nanofluids. In addition, it is also shown in Figure 2 that the
change laws between f and temperature in case of different
particle concentrations are analogous. Thus, there may exist
some certain simple relationships between f# and temperature.

The expression of f as a function of temperature is given as

B=f(9) +f () xT (14)
Based on data fitting, the expressions of f,(¢b) and f,(¢) for

both nanofluids can be obtained. When the additive is alumina

f.(¢) = 0.00975 + 0.03418 x &{~#/00%010) (15)
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and by eq 14 of (a) AL,O;—DW and (b) TiO,—DW nanofluids.

£,(¢) = 0.0006748 + 0.0027 x e~#/000% o)
and when the additive is titanium dioxide
—0.246
() = 000259 x ¢~ -
£,(¢) = 0.00111 + 0.00157 x e~ #/000%% )

Figure 3 gives the results of § calculated by eq 13 and by the
simple eqs 14—18. It is found that the value of f based on eq
14 is very consistent with the value determined by the
experimental data of thermal conductivity with eq 13.

27975

Bl CONCLUSIONS

In this paper, effects of nanofluid macroparameters including
fluid temperature and particle volume fraction on the thickness
of the interfacial nanolayer of alumina—DW and titanium
dioxide—DW nanofluids are studied by a novel method with
combination of experimental results and theoretical analysis.
The value of 8 (ratio of nanolayer thickness to particle radius)
is found to be in a range of approximately 0.03 to 0.2 for both
water-based nanofluids, and it increases with fluid temperature
almost linearly and decreases with particle volume fraction in a
power law. Simple formulas as functions of fluid temperature
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and particle volume fraction are proposed for the prediction of
nanolayer thickness for alumina—DW and titanium dioxide—
DW nanofluids. However, the prediction model of nanolayer
thickness is verified only by the metal oxide—water-based
nanofluids, and experimental and analytical work for other
kinds of nanoparticles and other kinds of base fluids needs to
be done next.
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