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ABSTRACT: Extensive investigations were made and empirical
relations were proposed for the thermal conductivity of mono-
nanofluids. The effect of concentration, diameter, and thermal
properties of participating nanoparticles is missing in the majority
of existing thermal conductivity models. An attempt is made to
propose a model that considers the influence of such missing
parameters on the thermal conductivity of hybrid nanofluids.
Al,O;—TiO, hybrid nanofluids have a 0.1% particle volume
concentration prepared with distinct particle volume ratios (k —
1:6 — k, k = 1 to 6) in DI water. The samples were characterized,
and the size and shape of the nanoparticles were verified. Also, the
influence of varying particle volume ratios and the fluid
temperature (varying from 283 to 308 K) were examined. 2.4

EVALUATION OF THERMAL CONDUCTIVITY OF ALUMINA TITANIA HYBRID SUSPENSION

Preparation and characterization of hybrid solution
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Conclusion: A correlation is developed to evaluate the thermal
conductivity of TiO,— Al,0,/water hybrid nanofluid

and 2.1% enhancements were observed in the thermal conductivity of alumina (5:0) and titania (0:5) nanofluids (having 0.1%
volume concentration), respectively. Due to the low thermal conductivity of titania nanoparticles, the conductivity of the hybrid
solution is above that of titania and below that of alumina nanofluids. An empirical relation for the thermal conductivity of hybrid
nanofluids is established and validated considering the individual particle size, volume ratio, and thermal conductivity of particles.

1. INTRODUCTION

The low thermal conductivity of heat transfer fluids affected
the performance of heat exchangers. Heat transfer through
conduction depends on thermal conductivity, which is further
related to the Nusselt number.

1.1. Mono-Nanofluids. The fluids dispersed with nano-
particles (known as nanofluids) enhance heat transfer due to
high thermal conductivity. By suspending nanoparticles in base
fluids," nanofluids are prepared. The two-step method creates a
stable solution by dispersing the fluids with powdered
nanoparticles.” Such mixtures change the thermophysical
properties (viz., viscosity, density, and thermal conductivity).
Heat exchangers,” thermosyphons,® absorption refrigeration
systems,” and solar energy® use nanofluids. The temperature
oscillation method,” transient hot-wire method,® and 3-®
method’ are used for measuring the thermal conductivity of
nanofluids. Empirical relations for the thermal conductivity of
nanofluids rely on the measured data. Unjustified assumptions
in models bring controversy.'*~"

1.2. Hybrid Nanofluids. Hybrid nanofluids'* were
introduced for improving the thermal conductivity.'>'® Qi et
al.'” and Das et al.'® examined the stability, thermal properties,
and convective heat transfer performance of the TiO,—water
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nanofluid. Alkasmoul et al.'” have specified heat flux to
examine TiO,—water and Al,O;—water nanofluids in a
horizontal tube for cooling. Khaleduzzaman et al.”’ performed
energetic and exergetic analysis using CuO—water and TiO,—
water nanofluids for cooling electronic appliances. The CuO—
water nanofluids provided appreciable energy efficiency.
Senthilkumar et al.”' and Maddah et al.”>* performed heat
transfer analysis in a heat exchanger (HEX) using Al,O,/TiO,
hybrid nanofluids and observed enhancement in heat transfer
characteristics as well as the effectiveness of heat exchangers.
Hamid et al.**** witnessed 16 and 35.32% improvements in
thermal conductivity and the heat transfer rate, respectively, by
TiO,/SiO, hybrid nanofluids. Several investigatorszs_31 had
proposed thermal conductivity models for water-based hybrid
nanofluids. They considered separately the influence of
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thermal properties of the base fluid and nanoparticles,
individual particle size, and concentration.

1.3. Investigations on the Stability of Nanofluids. Das
et al.>> examined a thermal medium (which is synthesized
through the mixing of the methyl triphenyl phosphonium
bromide salt with ethylene glycol at a 1:4 molar ratio). The
shape and morphology of the MWCNTSs were ascertained
utilizing field emission scanning electron microscopy
(FESEM) and field emission transmission electron microscopy
(FETEM). The stability of nanofluids was examined by ¢
potential measurements in addition to the visual observations.
The stability of nanofluids can be improved by preparing the
nanofluids through an expensive and complex single-step
method.”

In fact, the simple two-step method is being adopted in the
preparation of nanofluids by the majority of researchers (95%),
and it does not require any sophisticated apparatus. For better
dispersion of nanoparticles, 3=10 h of sonication time is
required.”* Amin et al.” reviewed the characteristics of hybrid
(organic and synthetic) nanofluids. Malika and Sonawane®®
followed a two-step method while making CuO—ZnO/water-
based hybrid nanofluids (of 0.01 vol % at various mixed ratios).
Sahoo and Kumar,”” Ramadhan et al,*® and Weislik®
performed the { potential analysis for investigating the stability
of mono, binary, and trihybrid nanofluids. Afshari et al.*” made
a review and highlighted the technolo§ies to improve the
stability of nanofluids. Arora and Gupta® have discussed the
stability and enhancement techniques. Zainon and Azmi*
discussed the stability of nanofluids highlighting the sonication
process, pH modification, and the surfactants. Bumataria et
al.” reviewed heat pipe technology with mono- and hybrid
nanofluids. The addition of dispersants and sonication are
notable methods of enhancing nanofluid stability.**

1.4. Motivation. There is a need for a reliable thermal
conductivity model for Al,O;—TiO,—water hybrid nanofluids.
The model should take care of the thermal properties of
particles and the base fluid, size, and volume fraction of
nanoparticles. Taguchi’s design of experiments was performed
by preparing Al,0;—TiO, hybrid nanofluids. The outline of
this article is as follows: Section 2 describes the characteristics
of hybrid nanofluids. Section 3 highlights Taguchi’s DOE
(design of experiments) and OA (orthogonal array) to specify
the optimal concentration of nanoparticles to achieve
maximum thermal conductivity. Section 4 is devoted to the
validation of the developed empirical relations for the thermal
conductivity of mono- and hybrid nanofluids.

2. PREPARATION AND CHARACTERIZATION OF
HYBRID NANOFLUIDS

Al,O;—TiO, hybrid nanofluids having 0.1% particle volume
concentration with different particle volume ratios were
prepared with distinct particle volume ratios (k — 1:6 — kk
=1 to 6) in DI water. Details of making the hybrid nanofluids
and their characterization are as follows.

2.1. Preparation of Al,0;—TiO, Hybrid Nanofluids.
One-step and two-step methods were followed in the synthesis
of nanofluids. In the one-step method, the preparation of
nanofluids is done by directly dispersing the nanoparticles in
the base fluid, and they exhibit superior stability properties.
However, the one-step method is difficult and expensive to
prepare nanofluids compared to the two-step method. Due to
simplicity, most researchers (95%) use the two-step method
while making nanofluids.

In this study, nanoparticles were purchased from Gyan
Scientific Institute, Varanasi, India. The two-step method is
used to prepare the hybrid suspension. The average size of
commercial alumina and titania nanoparticles is 45 and 20 nm,
respectively. The molecular weights of alumina and titania
nanoparticles are 101.96 and 79.85, respectively. The measured
quantity of Al,O; and TiO, nanoparticles were mixed with a
stirrer in DI water for 1 h, followed by ultrasonication at 40 °C
for 3 h to prevent sedimentation. The solution was sonicated
using an ultrasonicator (Labman Scientific Instruments, India
40 kHz, 10 liter capacity, with a digital temperature controller
and timer). A surfactant (Span-80) was used to prevent
particle deposition. TiO,—Al,O; hybrid nanofluids were
prepared in distinct ratios (k — 1:6 — k, k = 1 to 6) with
0.1 vol %. Equation 1 gives the volume fractions of the
nanoparticles in the fluid.

{ORION
() + () +(2).]

Here, p (kg/m?) is the density, ¢ is the solid volume fraction,
and m is the mass (kg).

2.2. Characterization of Al,0;-TiO, Hybrid Nano-
fluids. Various techniques used to characterize nanofluids
include SEM, TEM, FTIR, and XRD.*> A scanning electron
microscope and transmission electron microscope were used to
measure the average size of Al,O; and TiO, nanoparticles as
45 and 20 nm, respectively, and by Image software, and the
small ones in Figure 1 (Bhattad et al.*’) represent TiO,
nanoparticles, and the larger ones Al,O; nanoparticles. XRD
was applied to determine the crystal structure. In XRD, an
object is irradiated with incoming X-rays, and then the
intensity and scattering angle of the X-rays emanating from the
object are measured. The XRD results of Al,O; and TiO,
nanoparticles are shown in Figure 2. Using an X-ray

p

100 nm

Figure 1. (a) SEM image of the Al,0;—TiO,/water hybrid
nanofluid.” (b) TEM image of the Al,O;—TiO,/water hybrid
nanofluid.**
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Figure 2. (a) XRD image of Al,O; nanoparticles. (b) XRD image of
TiO, nanoparticles.

diffractometer (Model Bruker D8, UK) with Cu-Ka radiation,
the measured crystal size is 20 nm for titania nanoparticles at a
10—70° angle classified according to the JCPDS No. 21272
standard. The main peak was converted using the Debye—
Scherrer formula. Similarly, XRD analysis of Al,O; nano-
particles at a 10—100° angle, according to the JCPDS No.
0100173 standard classification, shows that the crystal size is
45 nm. ALO; and TiO, nanoparticles are spherical (whose
shape factor is 1).

Various methods are used to improve the stability of
nanofluids.’”® The { potential refers to the electrostatic
repulsion force between the primary fluid and nanoparticles.
The stability of the hybrid nanofluid depends on the
magnitude of the repulsion force. For a stable hybrid nanofluid,
the ¢ potential value lies in a range of 30—60 mV. Xu et al.*’
represented the { potential value of 42.6 and 40.8 mV for the
highly stable 25:75 (Al,05/TiO,) hybrid nanofluid and TiO,
nanofluid, respectively. Hence, for the present study, the {
potential will be above 30 mV and below 60 mV. The value of
the { potential decreases with the increase in concentration,
which may lead to the suspension of nanoparticles after a long
time. The homogeneity of the solution was verified from
samples at distinct locations of the beaker. The stability of the
synthesized hybrid nanofluid has been analyzed by the concept
of isoelectric point (IEP) and the conventional photography
method. Sedimentation photography is the simplest and most
qualitative method to check the stability of nanofluids visually.
From this, the sedimentation of dispersed nanoparticles can be
observed with the naked eye. This method also has limitations
as it cannot be used for partial sedimentation and higher
concentration nanofluids. But in the present investigation, a
lower concentration (0.1 vol %) is considered, so this method

is reliable for checking the stability. The pH values of the
samples fall within 5.66 and 5.73, which is not in the scope of
the nanoparticles’ isoelectric points due to their repulsive force
among the nanoparticles.”” Stability tests were conducted by
taking pictures of the test tube, as shown in Figure 3 (Bhattad
et al.”), and no sedimentation was observed during the 7-day
investigation.

i

Initial condition After24h  After 4days  After 7 days

Figure 3. Stability analysis of a sample showing no sedimentation for
7 days.

2.3. Measurement of Thermal Conductivity. The
thermal conductivity of Al,O;—TiO,/water hybrid nanofluids
was measured with a hot disk thermal constant analyzer (see
Figure 4), which works on the transient plane source

Figure 4. Hot disk thermal constant analyzer.”

technique. The sensors contain a nickel foil sandwiched
between layers of Kapton film. The nickel foil forms a spiral
pattern having a 3.189 mm radius. While passing the heating
power, spherical waves were generated through the probe end
and traveled through the sample. The hot disk measures the
thermal conductivity with an accuracy of + 1.5% under a
constant heating rate from the frequency of the temperature
rise of the measuring probe. Tests were repeated several times
to confirm the measurement accuracy. Table 1 presents the
thermophysical properties of DI water (base fluid).

3. TAGUCHI DESIGN OF EXPERIMENTS FOR
OPTIMAL SOLUTION
For any new physical phenomenon, it is necessary to observe

the phenomenon through experiments before the development
of mathematical models. The number of process parameters

Table 1. Thermophysical Properties of DI Water

T (K) Ky (W/m-K) e (kg/m®) Hye (mPas) Pryg
283 0.582 997.8 0.955 6.77
288 0.589 996.8 0.870 6.10
293 0.596 996.0 0.815 5.66
298 0.601 994.7 0.749 5.16
303 0.607 993.7 0.690 4.69
308 0.614 992.7 0.629 4.22
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(np) and assigned levels to each parameter (1) require n*
experiments. The task is involved by increasing np and ny. By
performmg a few experiments as per Taguchi’s orthogonal
array,"” it is possible to generate the data for the full factorial
design of experiments. Several investigators adopted Taguchi’s
design of experiments utilizing Minitab as a computational
tool. The modified Taguchi approach™ ™' provides the
generation of the complete information with a few experi-
ments, the expected range of performance indicators, and also
introduces a simple multiobjective optimization procedure.

In the present study, experiments were performed to
examine the influence of varying particle volumetric ratios as
well as the fluid temperature on the thermal conductivity (k)
of an Al,O;—TiO, hybrid suspension in DI water. ¢, and ¢,
are assumed as the AL, O, particle volumetric concentration
and the TiO, particle volumetric concentration, respectively. T
is represented as the fluid temperature. ¢, and ¢, vary within
0.1% volumetric concentration of the hybrid suspension (i.e.,
@1, ¢, = 0.1%), which indicates the linear dependency of ¢,
and ¢,. Taguchi’s design of the experiment is described to
identify the optimal proportion of the concentration of
nanoparticles to achieve maximum thermal conductivity. It
helps to generate the data for the full factorial design of
experiments within the specified range of the parameters. It
reduces the number of experiments to be conducted and
provides the optimal solution. Taguchi’s LyOA is chosen for 3
process parameters (n = 3) such as ¢, ¢,, and T with 3 levels
(n; = 3) using the formula®®

NTaguchi =1+ np X (nl - 1) (2)

Equation 2 gives the minimum number of experiments,
Nraguehi = 7, whereas, for all combinations, 27 tests (e, n’ =
3%) are to be conducted. In the present study, only 9 test data
are considered to obtain the optimal solution for thermal
conductivity.

For the linear dependency of ¢, and ¢,, ¢, is considered
(whereas, ¢, = 0.1 — ¢;) and T is the second process
parameter. Table 2 presents test data of k. For the present
case of Z\Z—%ag%chl =9 and n = 3, eq 2 gives n, = 4. From the
literature, fictitious parameters (F, and F,) are introduced
in Table 2. ANOVA is performed and the results are given in
Table 3. It is noted that T has the maximum effect on k¢ with a
99.6% contribution. The total % contribution of ¢,, T, F;, and
F, for k, is 100. Hence, the % contribution of the fictitious
parameters F; and F, is nothing but the 0.1% error.

Process designer prefers to have a range of estimates for kg
while conducting repeated tests. Following the additive law,"’
k,¢ is estimated for the levels of the process parameters from

ko= k(g) + Z (k() (g)) Z 0 _ ( _ l)k(g)
i=1
©)

Here, k¢ is the grand mean of k¢ in test runs, and k9 is the
mean value of k in ANOVA Table 3 for the level of process
parameters (i). The superscript, i = 1,2,3, and 4 corresponds to
¢y, T, F}, and F,, respectively. The estimates of k¢ in Table 4
for the 9 test runs of Taguchi’s Ly OA are comparable with test
data. n, = 2 and n, = 4 in eq 3 give estimates of k¢ without and
with fictitious parameters (F, and F,), respectively. The
estimates with fictitious parameters match exactly with the test
data. Considering only the levels of the minimum and
maximum mean values of k, for F; and F,, the range of

Table 2. Thermal Conductivity of Hybrid Nanofluids for the
Assigned Process Parameters, viz., Al,O; Particle Volume
Concentration (%), ¢, with the TiO, Particle Volume
Concentration (%), ¢, = 0.1 — ¢b;, and Temperature (T)

(a) assignment levels

process parameters notation level-1 level-2 level-3

Al,O; particle volumetric concentration ¢, 0 0.04 0.1
(%)

temperature (K) T 283 293 303

fictitious-1 F, fu fia fis

fictitious-2 F, fa fn S

(b) thermal conductivity (k)

levels of process

parameters
test run ¢, T F, F,  thermal conductivity, k,; (W/m-K)
1 1 1 1 1 0.591
2 1 2 2 2 0.602
3 1 3 3 3 0.616
4 2 1 2 3 0.592
S 2 2 3 1 0.603
6 2 3 1 2 0.617
7 3 1 3 2 0.592
8 3 2 1 3 0.604
9 3 3 2 1 0.618
grand mean 0.604

Table 3. ANOVA Results on Thermal Conductivity, k,; (W/
m'K)

process %
parameters 1-Mean 2-Mean 3-Mean sum of squares contribution
b 0.603 0.604 0.605 2.829 X 107° 0.3
T 0.592 0.603 0.617 1.002 x 1073 99.6
F, 0.604 0.604 0.604 5.756 x 1077 0.1
F, 0.604  0.604  0.604  3.289 X 1077 0.0

estimates arrives from eq 3. For the levels of ¢, and T,
corrections to k, estimates are —0.0006 and 0.0005,
respectively. Test data in Table 4 are within the range of k¢
estimates.

Considering the mean values in ANOVA Table 3 for k, the
empirical relation developed in terms of process parameters

(¢ and T) is
k. = 0.6036 + 0.0007& + 0.0001&% + 0.0129¢,
+ 0.0013&; (4)

Here, & = (250, — 1)(3 — 10¢,); and & = (T — 293).
The lower bound estimates of k¢ are obtained by applying
correction —0.0006 in eq 4, whereas the upper bound
estimates are obtained by applying correction 0.000S in eq 4.
From ANOVA Table 3, a set of process parameters ¢, T; (in

which subscripts denote the level of the parameter) are
identified for maximum k.. The optimal process parameters
are ¢, = 0.1% and T = 303 K for which eq 4 gives k, =
0.618W/m-K, which is exactly matching with measured data.
This corresponds to the case of 0.1 vol % of Al,O;
nanoparticles mixed with DI water, which yields high thermal
conductivity. The present result and the result obtained by the
Taguchi method were compared, which is displayed in Figure
5.

https://doi.org/10.1021/acsomega.2c07513
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Table 4. Estimates of the Thermal Conductivity, k,; (W/m*K), and Comparison with Test Data

level parameters

estimate eq 3 expected range

test run ¢, T F, F, test n,=2 RE. (%) n, =4 lower bound upper bound
1 1 1 1 1 0.591 0.591 0.08 0.591 0.590 0.592
2 1 2 2 2 0.602 0.603 —-0.02 0.602 0.602 0.603
3 1 3 3 3 0.616 0.617 —0.05 0.616 0.616 0.617
4 2 1 2 3 0.592 0.592 0.02 0.592 0.591 0.592
S 2 2 3 1 0.603 0.603 —0.02 0.603 0.603 0.604
6 2 3 1 2 0.617 0.617 0.00 0.617 0.617 0.618
7 3 1 3 2 0.592 0.592 —0.10 0.592 0.592 0.593
8 3 2 1 3 0.604 0.604 0.05 0.604 0.603 0.604
9 3 3 2 1 0.618 0.618 0.05 0.618 0.618 0.619
0.63 . - k(ky + 2k + 260(k, — kye))
x nf —
£ e (ky + 2kye — @k, — ki) (6)
z .
2062 Hamilton and Crosser™
g ke(ky + (n — Dkye + (n = Dep(k, — k)
= nf —
S 061 (k, + (n = Dkye — ¢k, = kye)) (7)
=
g Here, the shape factor, n = 3 for a spherical shape.
= . s4
£ 0.60 Corcione
= ‘]
z:, s T 1001 003
o0
EE khnf = kbf 1+ 4.4R60A4P70A66(_] (_P] ¢0‘66
0.59 T kg (8)
0.59 0.60 0.61 0.62 0.63

Experimental Thermal Conductivity (W/m.K)

Figure 5. Comparison of test data with Taguchi method results.

4. RESULTS AND DISCUSSION

In this section, the developed empirical relations are presented
for mono-nanofluids followed by hybrid nanofluids. The results
obtained are discussed in the upcoming sections.

4.1. Mono-Nanofluids. Several empirical relations exist for
the nanofluid thermal conductivity in terms of the nanoparticle
concentration (¢), the thermal conductivity of nanoparticles
(k,), and the base fluid (k¢ 32733 A few of the frequently used
empirical relations (Corcione,54 Maxwell, Bruggeman et al,>®
and Hamilton and Crosser™) are presented below.

Bruggeman et al.>®

Pk, — kye) (kye — ko)

P L (1-g) =

(k, + 2k,¢) kye + 2k ()
Maxwell™

Here, the reference temperature, T = 284 K; Reynolds

2p, kg T

number, Re = ;;;fz 5 Hye = fluid viscosity; pye = density of the
bf

fluid; d, = particle diameter; k, and ky are the thermal

conductivity of the particle and base fluid; Pr = Prandtl
number; the Boltzmann constant, kg = 1.3807 X 1072 and ¢
= particle concentration.

The thermal conductivity of hybrid nanofluid samples was
evaluated experimentally and an accurate empirical relation
was modeled through nonlinear regression. Test results of
alumina and titania nanofluids are compared using eqs 5—8. It
can be seen from Table S that the experimental data deviated
by 1.2% for Corcione™* (eq 8). However, the results obtained
from eqs S to 7 are also comparable with measured data. At
low particle concentrations, estimates from eqs 5 to 8 match
well. Such a trend is not noticed in the case of high
concentrations. Equation 8 is modified to eq 9 and found good
comparison with the test data of Tiwari et al.”> (see Table 6).
The test data of Tiwari et al.” at 323 K at different particle
concentrations and the estimates from empirical relations S to
9 are in Table 7.

Table S. Thermal Conductivity of Al,0; and TiO, Nanofluids (0.1 vol %) with Temperature and Comparison with Existing

Empirical Relations 5—8

Al,O; thermal conductivity (W/m-K)

TiO, thermal conductivity (W/m-K)

T (K) Exp eq S eq 8 eq7
283 0.592 0.584 0.584 0.584
288 0.599 0.591 0.591 0.591
293 0.604 0.598 0.599 0.598
298 0.610 0.603 0.604 0.603
303 0.618 0.609 0.611 0.609
308 0.628 0.615 0.618 0.615

eq 6
0.584
0.591
0.598
0.603
0.609
0.615

24180

exp eq S eq 8 eq7 eq 6
0.591 0.583 0.583 0.583 0.583
0.597 0.591 0.591 0.591 0.591
0.602 0.597 0.598 0.597 0.597
0.608 0.602 0.603 0.602 0.602
0.616 0.609 0.610 0.609 0.609
0.626 0.615 0.617 0.615 0.615
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Table 6. Thermal Conductivity of Al,O; and TiO,
nanofluids (0.1 vol %) with Temperature and Comparison
with the Developed Empirical Relations 9

Al,O; thermal conductivity TiO, thermal conductivity

(W/m-K) (W/m-K)

T (K) exp eq 9 exp eq 9
283 0.592 0.585 0.591 0.585
288 0.599 0.593 0.597 0.592
293 0.604 0.601 0.602 0.600
298 0.610 0.607 0.608 0.606
303 0.618 0.615 0.616 0.613
308 0.628 0.623 0.626 0.620

_— 0.03
ke = kpeq 1+ 8.8Re0'4Pro‘66[_] ) L
Te) Ve ©)

Table 7. Thermal Conductivity Data of Al,O; Nanofluids at
323 K for Various Concentrations

concentration K Tiwari™® eq S eq 9 eq7 eq 6
0.005 0.688 0.648 0.695 0.648 0.648
0.01 0.723 0.658 0.727 0.658 0.658
0.015 0.748 0.668 0.754 0.667 0.667
0.02 0.773 0.678 0.778 0.676 0.676
0.025 0.799 0.688 0.800 0.686 0.686
0.03 0.817 0.699 0.821 0.696 0.696
0.035 0.840 0.710 0.840 0.705 0.705
0.04 0.859 0.721 0.859 0.715 0.715
0.045 0.877 0.733 0.877 0.725 0.725
0.05 0.896 0.745 0.894 0.735 0.735
0.055 0912 0.758 0.910 0.745 0.745
0.06 0.928 0.771 0.926 0.756 0.756

At high concentrations, the estimates of eq 9 are close to the
test data.”® Equation 9 incorporates the size of the nano-
particles. From Figure 6, the thermal conductivity of nanofluids

1.0

ol
©

o
©

Thermal Conductivity
x, (WimK)
o
b

e
o
e

0.5

0 0.02 0.04 0.06
Concentration, ¢

Figure 6. Thermal conductivity of the alumina nanofluid at different
temperatures and concentrations.

estimated by the modified Corcione formula (eq 9) increases
with temperature as well as particle concentration. Also, the
existing test data are in line with eq 9.

4.2, Hybrid Nanofluids. The measured thermal con-
ductivity of nanofluids with temperature is presented in Table
8 and Figure 7. From Table 8, the thermal conductivity of
hybrid nanofluids is high compared to that of the base fluid. It
is a minimum for 100% titania nanofluids and a maximum for
100% alumina nanofluids. This is mainly due to the low

Table 8. Thermal Conductivity Data of Various Fluids at
Different Temperatures and Particle Ratios

283 K 288K 293K 288K 303K 308K

DI water 0589 0596  0.601  0.607 0615  0.625
TiO, (0:5) 0.591  0.597 0602 0608 0616 0626
hybrid (1:4) 0592 0598 0603 0609 0617  0.627
hybrid (2:3)  0.592  0.598  0.603  0.609 0617  0.627
hybrid (3:2) 0592 0598 0603 0610 0618  0.628
hybrid (4:1) 0592 0599 0604 0610 0618  0.628
ALO, (5:0) 0592 0600  0.605 0611 0619  0.629

0.63 p
— -DI Water P
/Al
TiO: (0:5) 7.7
o~ y L L
E 0.62 Hybrid (3:2) 257
#
= 7/
= = -Al:0s (5:0) 44
z 0.6l p
= 7
"g _ ~ . r'd
S 0.60 ZZ 7
E 7.
E o7
2 e
= 059 ,
0.58

270 275 280 285 290 295 300
Temperature (K)

Figure 7. Variation of thermal conductivity for different temperatures.

thermal conductivity of titania particles and the high thermal
conductivity of alumina particles. The thermal conductivity of
the solution increases with the volume fraction of alumina in
the solution. A 0.5% enhancement in thermal conductivity was
observed for the Al,O; (5:0) hybrid nanofluids (0.1 vol %).
From Figure 7, the thermal conductivity increases with the
temperature and the enrichment at a low fluid temperature is
relatively small, whereas the improvement of thermal
conductivity is significant with an intensification in temper-
ature. The thermal conductivity was found to be a growing
function of the particle volume ratio for a given temperature.
The particle volume ratio is the affecting parameter for
thermophysical properties of nanofluids.

The solid nanoparticle volume ratio and temperature are
vital parameters in most of the existing relations for the
thermal conductivity of nanofluids. The test results for alumina
nanofluids and titania nanofluids are compared with existing
empirical relations and found that the empirical relation of
thermal conductivity proposed by Corcione®* provides
satisfactory results with a small modification in the coefficient.
An attempt is made here for proposing a relation for the
thermal conductivity of hybrid nanofluids. In this regard, test
results of hybrid nanofluids are compared with existing
empirical relations 10 to 13. Figure 8 shows the comparison
of empirical and measured thermal conductivity at different
temperatures and volume concentrations.

Takabi and Salehi*’
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Figure 8. Comparison of measured thermal conductivity of hybrid
nanofluids and estimates using empirical relations (a) Hemmat Esfe*”
and Esfahani;*" and (b) Takabi’” and Zadkhast.*

bk + ks
ke 21— Dk + 2k, + hky)

by  htk
Ko TEEE (14 Pk — 2k + k) ()

Hemmat Esfe et al.>’

k
—f = [0.1747 x 10° + ¢]/[0.1747 x 10°
bf

— 0.1498 X 10°%p + 0.1117 x 10'¢*
+ 0.1997 x 10°¢°] (11)

Zadkhast et al.*°

k
= = 0,907 exp(0.36¢4"*""! + 0.000956T)
kg (12)

Esfahani et al.>!

k
=L =1 + 0.0008794 ¢**¥° 1'%
kg (13)

Estimates from empirical relations 10 to 13 are not matching
with test data. There is a need to develop empirical relations
for the thermal conductivity of TiO,—Al,O;/water hybrid
nanofluids that depend on individual particle concentration,
particle diameter, particle thermal conductivity, the thermal
conductivity of the base fluid, and temperature of the solution.
The Corcione™ empirical relation modified for hybrid
nanofluids is

T 100 003
k}mf = kbf 1+ 8.8Re0'4Pr0'66[_] (_P] ¢0‘66

Tfr kbf (14)
Here, T is the working temperature (K); Tj is the reference
temperature (K);

Pk .
k, = Wlfzkm and ¢ = ¢p; + ¢,; Pr is the Prandtl number;
kgT
Re =Re = pb:p:z , is the Reynolds number; ki is the base fluid
bf

pi+ g\
b+ b, )

The proposed relation (eq 14) is a function of temperature,
individual particle volume fraction, thermal conductivity and
size, and base fluid thermal conductivity. The test data are
compared with the proposed relation (eq 14) and other
relations of Eid and Nafe®® (model 5) based on the
superposition for the thermal conductivity of hybrid nano-
fluids. The comparison is depicted in Figure 9. The

thermal conductivity; and r, = (

["0" Eid and Nafe Model
O Present Model

o
o
N

(W/m.K)

0.60 |

Theoretical Thermal Conductivity

0.58
058 059 060 061 0.62 063 064
Experimental Thermal Conductivity
(W/m K)

Figure 9. Comparison of the measured thermal conductivity of
TiO,—Al,0;/water hybrid nanofluids and estimates using the
superposition model of Eid and Nafe®* and the present model.

comparison of test data with the empirical relation (eq 14)
indicates a 0.3% deviation. Hence, the empirical relation (eq
14) containing the effective thermal conductivity of nano-
particles along with an effective nanoparticle size is useful in
estimating the thermal conductivity of TiO,—Al,O;/water
hybrid nanofluids.

5. CONCLUSIONS

Heat conduction depends on thermal conductivity. Heat
transfer fluids in heat exchangers suffer from low thermal
conductivity. To improve thermal conductivity, nanoparticles
are mixed with base fluids. Empirical relations for the thermal
conductivity of nanofluids rely on the determination of
constants through the fitting of the test data. Such relations
have limitations due to unjustified assumptions. This paper
proposes a modified Corcione empirical relation and
demonstrated its applicability with the thermal conductivity
of developed TiO,—Al,O;/water hybrid nanofluids. Using the
modified Taguchi method, optimal process parameters are
obtained for maximum thermal conductivity. Test data
revealed that alumina nanofluids have maximum thermal
conductivity. An enhancement of 2.4 and 2.1% was observed in
the thermal conductivity of alumina (5:0) and titania (0:5)
nanofluids, respectively. The thermal conductivity of titania
nanoparticles is low compared to that of alumina nanoparticles.
Hence, the conductivity of the hybrid solution falls above that
of titania nanofluids and below that of alumina nanofluids. The
thermal conductivity of hybrid nanofluids depends on the
thermal conductivity of nanoparticles and the base fluid,
individual particle volume fraction and size, and temperature.
Thus, the developed empirical relation provides an accurate
thermal conductivity of TiO,—Al,O;/water hybrid nanofluids.
This relation estimates the thermal conductivity of binary or
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mono-nanofluids. Future research is directed toward the
determination of the optimal particle size and performing
different stability tests to achieve a high thermal conductivity
for hybrid nanofluids.
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