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Abstract. The effect of diffusive heat conduction and Brownian motion on the enhancement of thermal
conductivity in nanofluids is presented here. Al2 O3 and TiO2 nanofluids were prepared at four different wt.
fractions of 1%, 0.5%, 0.1% and 0.05% and their thermal conductivity values were measured over temperatures
ranging from 25 to 55◦ C for every 10◦ C interval. The thermal conductivity of nanofluids increased with the
increase in concentration and temperature. Diffusive thermal conduction and Brownian motion contribute to thermal
conductivity enhancement. However, diffusive heat conduction has major contribution to thermal conductivity
enhancement in nanofluids. The thermal boundary resistance was found to be increasing with wt. fraction and
decreasing with temperature elevation. Finally, a correlation is presented using group method of data handling
(GMDH) neural network to predict the thermal conductivity of nanofluids.
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1. Introduction
In the present era, energy-saving technology is the
need of the hour and augmentation of heat transfer
is a means to achieve this. In order to improve the
heat transfer, dispersion of non-organic nanoparticles
of high thermal conductivity in different cooling media
has been studied by many researchers. Investigations
in various engineering fields such as heat exchanger,
microelectronics, automotive, biomedical, nuclear sectors and process engineering have proved the potential
of nanofluids for better thermal performance of industrial equipments. Nanofluids are colloidal dispersions
of metallic and non-metallic nanoparticles in water,
ethylene glycol (EG), oil, etc. After the pioneering
work of Choi and Eastman [1], innumerable studies had
been performed to explore the heat transfer and performance analysis of nanofluids. Available works of
literature show that thermal conductivity of nanofluids is higher than that of the base fluids [2,3]. The
enhancement in thermal conductivity of nanofluids has
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been attributed to the occurrence of several phenomena
in the nanofluids. Following is a review on the effect
of various parameters on the thermal conductivity of
nanofluids.
Lee et al [4] measured the thermal conductivity of
Al2 O3 –water and CuO–water nanofluids. They reported
substantial enhancement in the thermal conductivities of nanofluids. They compared the experimental data with measured data using Hamilton Crosser
model. The model predicts the thermal conductivity of nanofluids containing Al2 O3 nanoparticles of
bigger agglomerates. However, the model appeared
to be inefficient to predict the thermal conductivity of CuO nanofluids. Finally, they concluded that
not only particle shape but also the particle has a
dominant effect on thermal conductivity of nanofluids.
Chon et al [5] described the role of temperature
and particle size on the thermal conductivity of Al2 O3
nanofluids. They used Al2 O3 nanoparticles of various
diameters (ranging from 11 to 150 nm) and measured
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thermal conductivity over a wide temperature range
of 21−71◦ C. They reported that thermal conductivity
increases with decreasing particle size and increases
with temperature rise. They also stated that mobility of
nanoparticles due to Brownian movement plays a key
role in thermal conductivity enhancement in nanofluids.
Duangthongsuk and Wongwises [6] measured the
thermal conductivity of TiO2 –water nanofluids over a
concentration range of 0.2–2 vol.% and temperature
range of 15–35 ◦ C using transient hot-wire method.
They reported that thermal conductivity of nanofluids increases with increasing nanoparticle concentration
and slightly decreases with temperature elevation. They
compared their results with the previous studies and
found dissimilar trends. They did not clearly explain
the reason for this anomaly. However, they accounted
for the probable effect of different parameters such as
particle size, particle shape and preparation method and
measurement technique for the discrepancies in the measured data.
Very recently, Esfe et al [7] measured the thermal conductivity of Al2 O3 nanoparticle-loaded water–
EG (40:60) nanofluids. They developed an artificial
neural network (ANN) model for thermal conductivity measurement using their experimental data. They
also reported that the thermal conductivity of Al2 O3
nanofluids increases when concentration increases
from 0 to 1.5% and temperature increases from 20 to
60 ◦ C.
Later, Esfe et al [8] studied the thermal conductivity of Al2 O3 –water nanofluids and modelled it using
artificial neural networks using experimental data. The
thermal conductivity of Al2 O3 nanofluid increases with
concentration as well as temperature.
Abdolbaqi et al [9] measured TiO2 (50 nm)
nanoparticle-loaded bioglycol–water mixture-based
nanofluids. Two different mixtures of bioglycol and
water at 20:80 and 30:70 were used. Nanoparticle volume concentration was varied from 0.5 to 2% and
temperature was varied from 30 to 80◦ C. The thermal conductivity of nanofluids increases with increasing
concentration and temperature. The highest thermal
conductivity of 12.6% was reported for bioglycol to
water ratio of 20:80 at 2% concentration and 80◦ C
whereas 11% enhancement in thermal conductivity
was reported with 30:70 ratio under the same condition.
Wei et al [10] investigated diathermic oil-based TiO2
nanofluids. The thermal conductivity of nanofluids was
measured for 0–8% vol. fraction over the temperature
range of 20−50◦ C. They observed enhancement in thermal conductivity over the concentration and temperature
ranges. They also indicated Brownian motion as the key
factor for thermal conductivity enactment in nanofluids.
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Form the above literature reviews, it is clear that thermal conductivity enhancement in nanofluids depend on
several parameters such as nanoparticle, shape, size,
concentration, temperature, base fluids etc. Most of the
researchers accounted Brownian motion as the backbone of such enhancement. However, to the best of
the authors’ knowledge, no effort has been presented
till now to explore the effect of diffusive heat conduction and Brownian motion on thermal conductivity of
nanofluids analysing experimental data. Therefore, an
experimental investigation is crucial to understand the
contribution of Brownian motion on the enhancement
of thermal conductivity in nanofluids. Furthermore,
the effect of diffusive heat conduction is also discussed.
This experimental investigation presents an effort
to find the effect of diffusive heat conduction and
Brownian motion in the enhancement of thermal conductivity in nanofluids. In order to achieve the aim of
the experiment, Al2 O3 –water and TiO2 –water nanofluids are prepared at 1, 0.5, 0.1 and 0.05% wt. fractions.
The thermal conductivity of nanofluids was measured
over varying temperatures from 25 to 55◦ C in 10◦ C
interval. Effects of wt. fraction and temperature were
measured. Contribution of diffusive heat conduction
and Brownian motion in thermal conductivity enhancements in nanofluids has been obtained. In addition
to that, thermal boundary resistance in the solid–
liquid interface has been determined and its effect
on thermal conductivity enhancement has been discussed. Finally, an empirical correlation is presented
using group method of data handling (GMDH) neural
network to predict the thermal conductivity of nanofluids.

2. Materials and methods
2.1 Materials
Commercially available Al2 O3 and TiO2 nanoparticles are used here to prepare nanofluids. DI water was
used as the base fluid. All the materials are laboratory grade and did not require further purification. The
physical properties of nanoparticles are presented in
table 1. Knowledge of particle size, shape and particle
morphology is very important prior to the preparation
of nanofluids. Therefore, transmission electron microscope (TEM) was used to capture the micrographs of
Al2 O3 and TiO2 nanoparticles. The micrographs are
shown in figures 1a and 1b. From the micrographs,
it is evident that the nanoparticles are in agglomerated state and the particles are near spherical in shape.
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Table 1. Properties of nanoparticles and the base fluid.

Materials
Water (base fluid)
Al2 O3 nanoparticles
TiO2 nanoparticles

Purity

Colour

Particle size
(nm)

NA
99%
92%

Colourless
White
White

NA
20–30
20

Morphology
NA
Spherical
Spherical

Specific
heat
(J kg−1 K−1 )

Density
(kg m−3 )

Thermal
conductivity
(W m−1 K−1 )

997.13
3970
4156

0.605
40
8.4

4179
765
710

Figure 1. TEM of (a) Al2 O3 nanoparticles and (b) TiO2 nanoparticles.

The particle size distributions of the solid nanoparticles are shown in figure 2. According to figure 2, the
size of the nanoparticle varies from 16 to 32 nm for
Al2 O3 and from 14 to 36 nm for TiO2 with maximum
occurrences of nanoparticles with 25 nm and 20 nm
respectively.

2.2 Formulation of nanofluids
In this research, nanofluids were prepared using the twostep method. Nanofluids at four different wt. fractions of
1, 0.5, 0.1 and 0.05% were prepared by this method. The
amount of nanoparticles required for the preparation of
nanofluids at four different concentrations is measured
using a digital weighing balance and then dispersed in
100 ml of water. The formula which was used to weigh
nanoparticles is given in eq. (1). A magnetic stirrer was
used for homogeneous dispersion of nanoparticles in the
base fluid. An ultrasonic bath was used for 3 h to sonicate the samples in order to break the cluster formed
in the samples. The sonication was not prolonged more
than 3 h to avoid reduction of particle size due to excessive sonication. The temperature of the samples during
sonication was maintained at 25◦ C since temperature of
the samples rises excessively due to vibrational energy
resulting in the vapourisation of the base fluids from the
samples and the concentration of the samples changes.
The use of stabilising agents enhances the stability of the

nanofluids. However, using stabilising agents or surfactants causes foam formation, pH change and affects the
purity of the samples. Therefore, in this experiment, no
surfactant was added to the samples.
wnp =

ϕ
wbf ,
(1 − ϕ)

(1)

where wnp and wbf are the weight of the nanoparticles
and weight of the basefluids. ϕ denotes the wt. fraction.
2.3 Characterisation and stability of the nanofluids
In order to measure the average particle size of the dispersed nanoparticle in the base fluids, dynamic light
scattering (DLS) was performed in Zetasizer Nano
(Malvern, United Kingdom). The same instrument was
used to study the stability of the nanoparticles in
the base fluid by zeta potential analysis. Both analyses were conducted twice for each sample, first time
for the freshly prepared samples and second time
for 7-day-old samples. During the measurement, temperature of the samples was kept constant at 25◦ C.
Apart from these studies, stability of the nanofluids
was also measured by capturing sedimentation in the
nanofluid samples using a digital camera. The test
samples were taken in test tubes and placed in static
conditions for 7 days to observe the sedimentation
phenomena.

150

Page 4 of 13

Pramana – J. Phys.

(2020) 94:150

Figure 2. Particle size distribution of (a) Al2 O3 nanoparticles and (b) TiO2 nanoparticles.

number which is 6.023 × 1023 , K B denotes the Boltzmann constant, the empirical value of which is 1.3807×
10−23 J/K, V is the molar volume of the liquid.
Later, Rashin and Hemalatha [12] modified eq. (2) for
the measurement of thermal conductivity of nanofluids:


knf

N
= 2.8
Vnf

2

3

K B v.

(3)

The velocity of ultrasonic waves is calculated from
the known frequency and measured wavelength using
the following formula:
v = f × λ,
Figure 3. Thermal conductivity apparatus.

2.4 Thermal conductivity measurement of the
nanofluids
Thermal conductivity of the nanofluids was measured
using thermal conductivity apparatus (model no: TC2, Mittal Enterprises, India) shown in figure 3. The
instrument works on the basis of heat transfer due to
hydro-acoustic vibrations (phonons) in fluids. Based on
the heat transfer mechanism Bridgman [11] developed
a relationship between sound velocity and thermal conductivity of fluids:
 2
N 3
k=3
K B v,
(2)
V
where k denotes the thermal conductivity of the liquid, v is the velocity of sound, N is the Avogadro

(4)

where f is the sound frequency and λ is the wavelength.
The TC-2 thermal conductivity apparatus (as shown in
figure 3) consists of a test cell that generates known frequency from a piezoelectric crystal placed at the base of
the test cell and standing waves are generated by moving
the micrometer attached at the top the cell. The wavelength of the standing waves was measured from the
micrometer reading. The thermal conductivity of Al2 O3
and TiO2 nanofluids was calculated using eqs (3) and
(4). The test cell temperature was maintained using a
constant flow of water from an isothermal bath attached
to the test cell.
2.5 Uncertainty analysis
The experimental error in each measurement is presented here as standard deviation (SD) which is estimated using eq. (5).
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Table 2. Accuracy of the instruments.
Instruments

Accuracy

Weighing balance
Ultrasonic bath
Thermal conductivity apparatus
Thermal conductivity hot water bath


SD =

 
i

P − P̄
n2

±0.001 gm
±3 kHz
±1.54%
±0.1◦ C

2
,

(5)

where P denotes the measured parameter, P̄ denotes
the mean of the measurements and n is the number of
measurements which is 6.
The uncertainty in the thermal conductivity measurement is defined by applying the accuracy of the
thermal conductivity apparatus, accuracy of the digital weighing balance and the accuracy of isothermal
water bath which are provided in table 2. For measuring experimental uncertainty, the following formula is
used:





 2
k 2
w 2
t
U =±
+
+
,
(6)
k
w
t
where U represents the uncertainty in experiment, 
is the deviation in measurements. k, w and t represent
thermal conductivity, weight of the nanoparticle and
temperature respectively. The maximum uncertainty in
the thermal conductivity measurement obtained in the
experiment is 5.2%.

3. Results and discussion
3.1 Nanofluid characterisation and stability analysis
3.1.1 Sedimentation photograph analysis. The captured photographs of sedimentation in Al2 O3 –water and
TiO2 –water nanofluids at different settling times including 15 min, 3 days and 7 days after the preparation
of nanofluids are presented in figures 4a and 4b. As
shown in the pictures, very little or less sedimentation
in nanofluids occurred and the process increases as the
settling time increases. Therefore, nanofluids showed
good stability at such concentrations without the application of any surfactant. Sedimentation photography is
a time consuming process. Moreover, it is very difficult
to detect sedimentation if the sample is too bright or too
dark. In this case, DLS method and zeta potential analysis are advantageous over sedimentation photography
method.
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3.1.2 Dynamic light scattering analysis. DLS method
is applied in this experiment to obtain the average
size of the nanoparticles in the base fluid. Figures 5a
and 5b show the DLS analysis result of Al2 O3 and
TiO2 nanofluids at different concentrations and different settling times. In general, the DLS analysis reads
hydrodynamic radii of the nanoparticles and their cluster sizes. Therefore, the measured particle size obtained
by DLS analysis is bigger than the same obtained by
TEM. In our present experiment, the same thing happened. One can observe that the particle size of the
dispersed Al2 O3 and TiO2 nanoparticles are bigger than
the average size of the same nanoparticle obtained from
the TEM micrographs. Again from figure 5, one can
see that Al2 O3 and TiO2 nanoparticles dispersed in the
base fluids have average particle sizes which increase
with the concentration and decrease with the increasing settling time. Adding more nanoparticle in the
base fluids causes more particle interactions resulting
in more particle clustering and finally the particle size
increases. The cluster size of the nanoparticles detected
by the DLS method decrease with the increasing settling
time. This phenomenon indicates that heavier particles settle down at the bottom due to aging, leaving
the smaller particles easily detected by the instrument
[13].

3.1.3 Zeta potential analysis. Zeta potential analysis
represents the repulsive forces present among the dispersed particles in the base fluids. The zeta potential
value is the magnitude of electrostatic charge covering nanoparticle surface. Therefore, a large magnitude
of zeta potential indicates high value of electrostatic
force among the nanoparticles preventing agglomeration. According to Ghadimi et al [14], zeta potential
value of 30–60 mV indicates moderate to excellent
stability of nanofluids. The results of zeta potential
analysis of the test samples are presented in figures 6a and 6b. The result shows that the zeta potential values of all the samples are within 30–50 mV
indicating good stability of Al2 O3 and TiO2 nanofluids. Besides this, the zeta potential value obtained
in the experiment shows a gradual decrement with
increase in wt. fractions. Enhancement in wt. fraction causes more particles to interact with each other
resulting in stronger van der Waals attraction, intensifying the aggregation of nanoparticles and finally
the aggregates will settle down. The zeta potential of
nanofluids is also found to be decreasing with the
increase of settling time. For example, the zeta potential value of nanofluids at 1% concentration decreases
from 47 to 43.8 mV for Al2 O3 and from 47.12
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Figure 4. Sedimentation photographs analysis of (a) Al2 O3 –water and (b) TiO2 –water nanofluids.

Figure 5. DLS analysis of (a) Al2 O3 –water and (b) TiO2 –water nanofluids.

to 45.12 mV for TiO2 when the samples are measured after fresh preparation and 7 days later from the
day of preparation. This confirms the fact that sedimentation in nanofluids continues with the increase
of settling time as confirmed by the sedimentation
photographs.

3.2 Thermal conductivity measurement of the
nanofluids
3.2.1 Experimental validity. To check the validity of
the present experiment, measured values of thermal conductivity of DI water were compared with NIST [15]
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Figure 6. Zeta potential of (a) Al2 O3 –water and (b) TiO2 –water nanofluids.
Table 3. Validation data for the thermal conductivity
experiment.
Thermal conductivity
Temperature

NIST
data

Experimental
data

Deviation
(%)

25
35
45
55

0.607
0.623
0.637
0.649

0.605
0.619
0.644
0.655

0.33
0.64
−1.10
−0.92

data over 25−55◦ C temperature range at 10◦ C interval and they are presented in table 3. The maximum
deviation in the measurement of thermal conductivity is
1.10%. The small deviation between the experimental
and the standard data proves the accuracy of the measurements.
3.2.2 Impact of wt. fraction and temperature. The
thermal conductivity values of Al2 O3 and TiO2 nanofluids as a function of different concentrations (0.01–1%)
at various temperatures (25−55◦ C) at 10◦ interval are
presented in figures 7a and 7b. It is obvious from the
figures that the thermal conductivity of the nanofluids
increases with the increase in wt. fraction and temperature. At a fixed temperature, for instance, 25◦ C, the
increase in thermal conductivities of Al2 O3 and TiO2
nanofluids is 14 and 12% respectively. However, at
60◦ C, enhancement is 17 and 15% respectively. The
thermal conductivity values are significantly higher than
that of the basefluids. Issa [16] has observed similar
trend of enhancement with water-based Al2 O3 nanofluids. Yang and Hu [17] also reported similar behaviour of
thermal conductivity enhancement in TiO2 nanofluids.

The addition of nanoparticles with thermal conductivity higher than the base fluids is the primary cause of
heat transfer enhancement in the nanofluids [18]. The
enhancement with the rise in wt. fraction is due to
the contribution of the population of thermally conductive nanoparticles towards the enhancement of thermal
conductivity of the nanofluids. Moreover, increase in
nanoparticle population due to increase in concentration causes more particle interactions leading to more
microconvection effect, resulting in the enhancement in
thermal conductivity.
The effect of temperature on the thermal conductivity of Al2 O3 –water and TiO2 –water nanofluids is
presented in figures 8a and 8b. It is obvious from the
figures that the thermal conductivity of the nanofluids increases with the increase in temperature from 25
to 60◦ C. For example, thermal conductivity increases
from 0.615 to 0.671 W m−1 K−1 with Al2 O3 nanofluids and from 0.613 to 0.670 W m−1 K−1 for TiO2
nanofluids when measured at 1% wt. fraction. The
present experimental outcome is not different from
the outcome from other published reports [6,19]. Such
enhancement in thermal conductivity with respect to the
temperature rise can be attributed to the enhancement in
heat convection due to the Brownian motion of the dispersed nanoparticles which is intensified by the rise in
temperature.
3.2.3 Impact of diffusive heat conduction and Brownian motion. In order to measure the contribution of
diffusive heat conduction and Brownian motion, Yang
model [20] was considered. In Yang model, the thermal
conductivity of the nanofluids is due to the diffusive heat
conduction and Brownian motion of the nanoparticles:
knf = kdiff + kBrownian

(7)
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Figure 7. Influence of wt. fraction on thermal conductivity of (a) Al2 O3 –water and (b) TiO2 –water nanofluids.

Figure 8. Influence of temperature on thermal conductivity of (a) Al2 O3 –water and (b) TiO2 –water nanofluids.


kdiff = 1 + 3

rnp
Ri kbf
rnp
Ri kbf

−1
+2

kbf ,

(8)

3 is
where k denotes thermal conductivity,  = 43 πrnp
the volume of the nanoparticle, rnp is the nanoparticle
radius and Ri is the thermal resistance per unit area at
the interface of the nanoparticle and base fluid. Suffix nf, bf, diff and Brownian denote nanofluids, base
fluids, diffusive heat conduction and Brownian velocity
respectively. The second term in eq. (7) is the thermal conductivity due to Brownian motion which can be
derived analytically by integrating nanoparticle velocity over the hydrodynamic boundary layer around the
dispersed nanoparticles.
2
kBrownian = 157.5cbf vnp
τ,

(9)

where cbf is the specific heat of the base fluid, v is
the Brownian velocity of the nanoparticles and τ is the
particle relaxation time which is expressed as

3K B T
vnp =
,
(10)
m np
where m np denotes the mass of the nanoparticle and T
represents the temperature in Kelvin.
m np
τ=
,
(11)
6τ μbf rnp
where μbf denotes the viscosity of the base fluid.
To estimate the effects of diffusive heat conduction
and Brownian movement, the first thermal conductivity due to Brownian movement was measured using eqs
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Figure 9. Diffusive heat conduction in (a) Al2 O3 –water and (b) TiO2 –water nanofluids.

Figure 10. Brownian thermal conductivity of (a) Al2 O3 –water and (b) TiO2 –water nanofluids.

Figure 11. Interfacial thermal resistance in (a) Al2 O3 –water and (b) TiO2 –water nanofluids.
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(9)–(11). Then the thermal conductivity due to the diffusive heat conduction was measured using eq. (7). Finally,
the thermal conductivities of the nanofluids due to the
diffusive heat conduction and Brownian motion are presented in figures 9a, 9b, 10a and 10b respectively. It
can be observed from figures 9 and 10, that diffusive
heat conduction contributes maximum towards the thermal conductivity of the nanofluids and Brownian motion
has very little contribution to the thermal conductivity
increment. The diffusive heat conduction depends upon
the interfacial thermal resistance Ri [21]. The interfacial
thermal resistance hinders heat diffusion due to solid–
liquid interactions. With the enhancement in wt. fraction
and temperature, the Ri values decrease, allowing more
heat transfer through thermal diffusion. As a result,
diffusive heat conduction in nanofluids increases. The
relaxation time is significantly affected by the long-time
tail in Brownian motion of the nanoparticles occurred
because of the inertia of the moving nanoparticles.
Thus, the particles need more time to adjust their movement between two successive collisions. Therefore, the
individual contribution due to Brownian motion gets
reduced. Moreover, the ratio of heat transfer by the moving nanoparticles due to Brownian motion to the same
with base fluid is negligible [22]. However, with increase
in temperature, agitation among nanoparticles increases
which enhances Brownian motion of nanoparticles as
shown in figures 10a and 10b.

3.2.4 Impact of thermal resistance at the particle–
fluid interface. The thermal resistance (also known
as thermal boundary resistance) at the particle–fluid
interface influences the thermal conductivity of the
nanofluids. Interfacial thermal resistance arises from
phonon scattering owing to acoustic mismatch at the
particle–fluid interface [23]. The interfacial thermal
resistance Ri was obtained from eq. (8) and they
are plotted as a function of wt. fraction and temperature in figures 11a and 11b. As seen in figure 11, thermal resistance values are in the range of
4.03E-08 m2 K W−1 to 3.42E-08 m2 K W−1 for Al2 O3
and 3.86E-08 m2 K W−1 to 3.32E-08 m2 K W−1 for
TiO2 respectively. Ri values increase with increase in wt.
fraction and decrease with temperature elevation. This
result is quite surprising. The inclusion of nanoparticles causes larger particle diameter because of clustering
which leads to loss of particle mobility resulting in low
microconvection and low thermal conductivity. As the
heat transfer decreases, the thermal resistance shows
increment with increase in wt. fraction. Temperature rise
enhances particle mobility and thereafter increases heat
transfer rate from solid to liquid by microconvection and
finally, thermal resistance value decreases.
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Table 4. Regression parameters of the thermal conductivity models.

Nanofluid type

R-Sq
(%)

Al2 O3
TiO2

99.7
99.5

Regression parameters
R-Sq(adj)
S
(%)
99.6
99.4

0.00114472
0.00132082

4. Modelling thermal conductivity
For estimating the thermal conductivity of Al2 O3 –water
and TiO2 –water-based nanofluids, the thermal conductivity data are correlated by GMDH-based neural
network method. The following equations (eqs (13) and
(14)) can be used to estimate the thermal conductivity
of Al2 O3 and TiO2 nanofluids:
knf (ϕ, t) = kdiff (ϕ, t) + kBrownian (ϕ, t) ,
knf (ϕ, t) = A1 + A2 ϕ + A3 t,
knf (ϕ, t) = B1 + B2 ϕ + B3 t,

(12)
(13)
(14)

where A1 = 0.569, A2 = 0.649, A3 = 0.00165; and
B1 = 0.567, B2 = 0.616, B3 = 0.00166.
The GMDH neural modelling also delivers the prediction capability of the present model. The regression
parameters are presented in table 4. As can be observed,
the regression coefficient value or R-sq value is 99.7%
which is very close to 1. Moreover, the standard error
of estimation is less than 1. Therefore, one can say that
the present model has very good prediction capacity.
Further, the mode of deviation (MOD) is analysed to
examine the prediction capability of the proposed model
using eq. (15).


Pexp − Ppred
MOD(%) =
× 100,
(15)
Pexp
where subscripts exp and pred denote experimental and
predicted values respectively.
The MOD values are plotted against wt. fractions
at various temperatures in figures 12a and 12b for the
proposed models of Al2 O3 and TiO2 nanofluids respectively. The MOD values are in an acceptable range of
<1% which further verify the accuracy of the model.

5. Comparison with published models
Several theoretical models have been proposed so far
to predict the thermal conductivity of the nanofluids.
Maxwell [24] proposed a model based on effective
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Figure 12. MOD for the models with (a) Al2 O3 –water and (b) TiO2 –water nanofluids.

Later, Hamilton and Crosser [25] modified and gave
an extension to the Maxwell’s model introducing particle shape as follows:

The values (knf /kbf ) for all the nanofluids calculated using the proposed models have been compared
with the same derived from Maxwell model, Hamilton–
Crosser (H–C) model and Koo–Kleinstreuer model at
25 and 55◦ C. The compared values of thermal conductivity of the nanofluids are presented in figures 13a
and 13b. The comparison shows that Maxwell model
and H–C model underestimate the enhancement of thermal conductivity of the nanofluids. Koo–Kleinstreuer
model predicts better than them when compared with
the predicted model. Such inconsistency is due to
several factors such as Brownian motion, microconvection, liquid layering, particle–particle interactions,
particle–base fluid interactions, nanoparticle clustering
etc. [28]. Therefore, a single mathematical model cannot
describe the enhancement in thermal conductivity of
nanofluids.

knp + (n s − 1) kbf + (n s − 1) ϕv (knp − kbf )
knf
,
=
kbf
knp + (n s − 1) kbf − ϕv (knp − kbf )
(18)

6. Conclusion

medium theory (EMT) to predict the thermal conductivity of heterogeneous dilute colloidal systems of
spherical solid particles as shown in eq. (16):
knp + 2kbf + 2ϕv (knp − kbf )
knf
,
=
kbf
knp + 2kbf − ϕv (knp − kbf )

(16)

where ϕv is the vol. fraction of the nanoparticles and eq.
(16) is implemented to calculate vol. fraction from the
corresponding wt. fraction.
ϕv =

ϕ
ϕ+

ρnp
ρbf

(1 − ϕ)

.

(17)

where n s denotes the shape factor. For spherical particles
n s = 3.
Koo and Kleinstreuer [26,27] presented a thermal
conductivity model when Brownian motion is considered (shown in eq. (19)).
(knp − kbf )
knf
= 1 + 3ϕv
kbf
2kbf + knp − ϕv (knp − kbf )

c
ϕ
KBT
(βρ
)
bf
bf
v
+5 × 104
×
kbf
2ρnprp
× [(1722.3ϕv −134.63) + (0.4705−6.04ϕv ) T ] .
(19)

In this investigation, the effect of temperature and wt.
fraction of Al2 O3 and TiO2 nanoparticles on the thermal
conductivity of nanofluids has been examined. Experiments were conducted by dispersing Al2 O3 and TiO2
nanoparticles separately in water using high energy
ultrasonic waves followed by magnetic stirring. The dispersion stability of the nanofluids at different concentrations was studied using photographic method, DLS and
zeta potential analyser. The thermal conductivity of the
nanofluids was found to be increasing with the increase
in wt. fraction and temperature. Al2 O3 nanofluids show
better thermal conductivity enhancement than TiO2
nanofluids. When compared to the base fluid, nanofluids
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Figure 13. Thermal conductivity enhancement based on different models of (a) Al2 O3 –water and (b) TiO2 –water nanofluids.

show better thermal conductivities which enable them
as potential coolant for future thermal applications.
The results of both diffusive heat conduction and
Brownian motion change with the increase of nanoparticle concentration and temperature. The results also
showed that diffusive heat conduction has dominancy
over Brownian motion and diffusive heat conduction
can be considered as one of the influential mechanisms
behind the anomalous augmentation in thermal conductivity of the nanofluids.
The thermal resistance at the fluid–particle interface increased with the increase in concentration and
decreased with an increase in temperature. Therefore,
addition of nanoparticles in the base fluids is not beneficial for heat transfer enhancement. Moreover, it can
affect the long-term stability of the nanofluids. The
increase of thermal conductivity of the nanofluids with
temperature elevation enables them as coolants for hightemperature thermal applications.
New models of thermal conductivity of the nanofluids have been developed using GMDH-based artificial
neural network. The models showed good prediction
capability.
Finally, the authors suggest that more experimental
research to understand different nanoscale parameters
contributing to the thermal conductivity enhancement
in the nanofluids should be the future direction of the
present research.
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