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In the present work, the practicability of Fe,O; nanofluids for heat transfer applications has been exam-
ined. Nanofluids performance, in terms of modulation of thermal conductivity, has been investigated with
increasing concentration of Fe,O; nanoparticles in water and ethylene glycol base fluids at 10, 20, 30, 40, 50,
60 and 70 °C. Fe,O3 nanoparticles have been synthesized using the wet chemical method and characterized
using TEM, SEM, XRD and UV-Vis. The characterization results revealed a face-centered cubic structure
having alpha phase and particle size in the range of 40-55 nm for the synthesized Fe,O; nanoparticles.
Thermal conductivity measurement results show increases in thermal conductivity with the increase in
concentration and temperature of nanofluids. 16.45 and 19.76% enhancement in thermal conductivity have
been observed for Fe,O;—water and Fe,O;—ethylene glycol nanofluids of 2 vol.% at 70 °C compared to
water and ethylene glycol base fluids at 10 °C, respectively. Results of the ANN approach are in good
agreement with experimental results, and H-C model gives better predictions compared to other standard
models. The study gives clear insights into improved heat transfer performance by material engineering.
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1. Introduction

Heat transfer performance of traditional fluids does not
fulfill the needs of current age development. Advanced heat
transfer fluids with significantly improved heat transfer char-
acteristics are required for sustainable development. Suspension
of metal oxide nanoparticles in fluids exhibits superior thermal
properties relative to conventional heat transfer fluids and fluids
containing micrometer-/millimeter-sized particles. Thermal
conductivity is an important parameter which represents the
heat transfer capacity of any thermal system. Many researchers
are working to improve thermal conductivity for improved
performance.

Hong and Yang (Ref 1) found that Fe nanofluids exhibit
more enhancements in thermal conductivity than Cu nanofluids
establishing that improvement in thermal transport properties
mainly depends on the interaction of nanoparticles with base
fluids. Hong et al. (Ref 2) observed nonlinear dependency of
thermal conductivity on the volume fraction of the Fe
nanofluids that has been attributed to the -clustering of
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nanoparticles in base fluids. Patel et al. (Ref 3) and Eastman
et al. (Ref 4) found that the size of nanoparticles matters giving
higher thermal conductivity for metal nanoparticles compared
to metal oxide nanoparticles. They suggested incorporation of
more parameters, viz. size and the effect of stabilizer, for better
accuracy of various existing standard models.

According to Wang et al. (Ref 5), the thermal conductivity
of nanofluids depends on the microscopic motion of particles in
fluids. Development of new models with the inclusion of the
microscopic motion may more accurately predict the thermal
behavior of nanofluids. The microscopic motion is influenced
by size, shape, structure and surface properties of nanoparticles.
Experimental results reported by Masuda et al. (Ref 6) and Lee
et al. (Ref 7) show that the thermal conductivities of particles
and fluids both affect the thermal conductivity of resulting
nanofluids. They also suggested a strong dependence of thermal
conductivity on the size of the nanoparticles. Murshed et al.
(Ref 8) concluded that both particle size and shape influence the
thermal conductivity of nanofluids. Thermal conductivity
enhancement depends on the stability of the nanofluids
suspension that in turn depends on the size, shape and
interaction of the nanoparticles. Iijima (Ref 9) and Liu et al.
(Ref 10) observed that CNTs having a larger aspect ratio give
higher thermal conductivity in their suspensions. In such a case,
thermal transport is facilitated by a three-dimensional network
of CNTs dispersed in the base fluid.

Along with experimental studies, several theories have also
been developed to predict the thermal conductivity of nanoflu-
ids. Maxwell (Ref 11), Yu and Choi (Ref 12), Bruggeman (Ref
13) and Hamilton and Crosser (Ref 14) are popular theoretical
models that have widely been used for the prediction of the
thermal conductivity of the nanofluids (Ref 15-17). Artificial
neural network (ANN) has also been implemented to predict
the thermophysical properties of nanofluids (Ref 18). The study
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by Kurt and Kayfeci (Ref 19) suggested ANN as a practical
technique that can help application engineers in predicting
thermal conductivity with high accuracy and without exhaus-
tive experiments.

Engineered fluids made up of a combination of different
fluids/materials, with controlled volume fractions, can signif-
icantly improve the performance of heat transfer systems (Ref
20). A systematic study in this direction is required that can
ascertain the effect of change of various parameters, viz.
concentration and temperature, on the effective thermal con-
ductivity of nanofluids (Ref 21). Further, combined studies that
include theoretical (Ref 22), experimental (Ref 23) and soft
computing aspects are scarce (Ref 24). In this study, thermal
conductivity behavior of Fe,Os;—water and Fe,Os;—ethylene
glycol nanofluids has been explored in the temperature range
that suits for most real-world applications. Fe,O3 nanoparticles
have been synthesized using wet chemical method due to
widespread applicability to give a size-controlled synthesis of
nanoparticles that make the resulting nanofluids cost-effective
and tunable. Experimental results have been compared with
standard theoretical models and matched with neural network
performance (Ref 25).

2. Materials and Methods

Fe,O3 nanoparticles have potential applications in many
fields of engineering (Ref 26). Fe,O5 is of much scientific interest
over the other nanoparticle systems due to inherent magnetic
properties. Using thermal energy, the magnetic moment can be
modulated to give zero net magnetization. Highly sensitive
measurements can be performed on samples without further
processing, by making a magnetic signal on or off (Ref 27).
Magnetic properties of Fe,O3 nanoparticles are highly affected
by the size, shape, aggregation, etc. So, Fe;O3 nanofluids have
been investigated in the present study, and the two-step technique
has been used for the preparation of nanofluids. Fe,O5; nanopar-
ticles have been synthesized using wet chemical method, and
synthesized nanoparticles have been used for the preparation of
nanofluids in water and ethylene glycol.

2.1 Synthesis and Characterization of Fe,0; Nanoparticles

Fe,05 nanoparticles have been synthesized using the wet
chemical method. 0.1 M solution of ferric chloride heptahy-
drate in water and 0.5 M solution of sodium hydroxide in
ethanol have been prepared through continuous stirring for
15 min. These solutions have been simultaneously added in
10 mL water drop by drop through continuous stirring and
heating at 80 °C. The solution hence obtained has been further
subjected to heat treatment at 100 °C for 15 min. The
appearance of dark brown precipitate indicated the formation
of Fe,O3 nanoparticles. The precipitate has been filtered,
washed and dried to obtain nanoparticles in powder form.
Synthesized nanoparticles have been characterized using trans-
mission electron microscopy (TEM; Tecnai; FEI G2 S-Twin),
scanning electron microscopy (SEM; Carl Zeiss; EVO-18), X-
ray diffraction (XRD; PANalytical; X’Pert PRO) and UV-Vis
spectrophotometer (UV—Vis; Shimadzu; UV-1800). For char-
acterization, 0.010 g of the synthesized nanoparticles has been
dispersed in 10 mL distilled water using vortex (Tarsons;

SPINIX). This suspension has been used for TEM, SEM, XRD
and UV-Vis analysis.

2.2 Preparation and Thermal Conductivity Measurement
of Nanofluids

Specifications of water and ethylene glycol base fluids used
in this study are provided in Table 1. For the preparation of
0.25% nanofluids, required amount of Fe,O3 nanoparticles (Ref
20) has been weighed (Precisa; XB 220A, 0.0001 g) and mixed
in the base fluids (water and ethylene glycol) using a mortar
and pestle (Cole-Parmer) to obtain a nanoparticle-based fluid
suspension. The suspension has been stirred for an hour by a
magnetic stirrer (Tarsons; SPINOT) followed by ultrasonication
for 200 min using ultrasonic water bath cleaner (Toshcon,
SW4) so as to obtain homogeneously mixed nanofluids. The
similar procedure has been adopted to prepare nanofluids of
higher concentration (0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2%).
Stability of the prepared nanofluids has been monitored for
10 days, and no visible trace of particle sedimentation has been
observed.

Thermal conductivity of Fe,O;—water and Fe,Os;—ethylene
glycol nanofluids has been measured using KD2 Pro Thermal
Properties Analyzer at different temperatures (10, 20, 30, 40,
50, 60 and 70 °C). Experimental setup for thermal conductivity
measurement mainly consists of nanofluid sample, sample
holder, temperature stabilizing unit and thermal conductivity
measuring unit. Figure 1 shows the schematic diagram of the
experimental setup used for thermal conductivity measurement.
KS-1 sensor (6 cm long and 1.3 mm diameter single needle,
accuracy £ 5%) has been used to measure the thermal
conductivity of nanofluid samples. The sensor performance
has been verified using a standard sample and found to be
within 1.05% of the reported value. Refrigerated/heating
circulator (MS Julabo; FP-30; £ 0.5 °C) has been used to
achieve the desired temperature of nanofluids during measure-
ments. Measurements have been taken using the following
steps:

1. Heat or cool the nanofluid sample with the sensor needle
inserted in it.

2. Turn the circulator off, once the desired sample tempera-
ture has been achieved and equilibrated.

3. Measurements have been taken after the circulator be-
came still. The average of three measurements has been
reported.

2.3 Theoretical Models

Experimental results have been compared with predictions
of standard theoretical models. Details of the most popularly
used models are given below:

Maxwell (Ref 11) proposed the first model which is based
on effective medium theory to predict the thermal conductivity
of suspensions by assuming that the suspension contains
particles of spherical shape and considered only the volume
fraction dependency.

(o + 2ky) +2(kep — oy ) ¢
" (b + 2hy) — (Kap — hoy)

kyy (Eq 1)
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Table 1 Specifications of base fluids used

Base fluids

Specifications

Distilled water

Ethylene glycol

Producer: ultrapure water (direct Q¥ 3 water purification system)
Density: 1 g/cm®

Thermal conductivity: 0.641 W/m K (measured at 30 °C)
Producer: Merck Specialties Private Limited, India

Assay: = 99%

Density: 1.11 g/em®

Thermal conductivity: 0.246 W/m K (measured at 30 °C)

Probe Needle (KS-1)

e

Sample
Container stand

Nanofluid

KD2 Pro Thermal Refrigerated and
Properties Analyzer Heating Circulator

Fig. 1 Experimental setup used for measurement of thermal conductivity of nanofluids

where ks, k,, and ky represent thermal conductivity of
nanofluids, nanoparticles and base fluid, respectively, and ¢
represents volume fraction of nanoparticles.

Yu and Choi (Ref 12) modified Maxwell’s model by
assuming the formation of an interfacial layer of liquid
molecules on the surface of the dispersed nanoparticles.

(Kup + 2kpr) + 2(knp — kiy) (1 + )
knf = kbf

(Kp + 2kar) — (K — by ) (1 +7)¢b

where k;, represents the thermal conductivity of the interfacial
layer and assumed to be equivalent to the thermal conductivity
of nanoparticles. 7y is the ratio of the nanoparticle radius () to
the thickness of one interfacial layer (%) in nm. We considered
h =2 nm in our calculations.

Bruggeman (Ref 13) adopted a mean-field approach to
predict the thermal conductivity of nanofluids

(Eq 2)

by = (36~ Dby + 2~ 30)ky] + 2 VA

(Eq 3)
where A= {(Mf 1)2(ﬁf’;)z+(2f3¢)2+(2+9¢79¢2) (’;7)}

Hamilton and Crosser (Ref 14) (H-C) modified Maxwell’s
model by considering the effect of the particle shape
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br — knp + (l’l - l)kbf — (VL — l)d)(kbf - k,,p) k,
o ko + (0 — Doy + bk —hap)

where n :%, n is a particle shape factor. i is the particle
sphericity or ratio of the surface area of a sphere (with a volume
equal to that of the particle) to the surface area of the particle. i
is 1 for spherical shape and 0.5 for cylindrical shape. For n = 3
H-C model reduced to Maxwell model. In our calculations, we
have taken n = 6 for H-C model.

Verma et al. (Ref 15) predicted the thermal conductivity of
nanofluids containing spherical nanoparticles by solving the
Laplace equation for the potential with the dispersion of one
particle and field is modified at the observation point. A
contribution by all the neighboring particles in the modification
of field is calculated using summation.

)]
hp = kpp |1 +5.5618( 22— \F
/ bf[ (knp + 2kpy

(Eq 4)

(Eq 5)

where F' = N ¢, F represents the correction term for the volume
fraction of the filler phase. Value of N is obtained by linear
fitting between experimental results and theoretical formula-
tions. Values of the coefficient N obtained were 1.317 and 1.25
for Fe,Os—water and Fe,Os;—ethylene glycol nanofluids, respec-
tively.



ETC

Inputlayer

Hidden layer Output layer

Fig. 2 The architecture of ANN used in our work

2.4 ANN

A comparison of predicted thermal conductivity of nanoflu-
ids using ANN approach has also been presented in the paper.
Feed-forward back-propagation network architecture with four
inputs [thermal conductivity of the base fluid (k,), the thermal
conductivity of the nanoparticles (k,,), the volume fraction of
the nanoparticles (¢) and the temperature of the nanofluid (7)]
and one output [thermal conductivity of the nanofluid (k)] has
been used. Figure 2 shows the architecture of ANN used in our
work. One hidden layer with varying number of neurons has
been tried in the work. The following functions have been
adopted in our work:

Training Function—Train LM (Levenberg—Marquart),
Adaptive Learning Function—Learn GDM, Transfer Func-
tion—TANSIG.

3. Results and Discussion

3.1 Characterization of Fe,0; Nanoparticles

3.1.1 TEM. Shape and particle size distribution of the
suspended Fe,O3 nanoparticles have been determined using
TEM. The sample for TEM analysis has been prepared by
placing a few drops of working solution on a carbon-coated
standard copper TEM grid (300 mesh). Figure 3(a) shows a
TEM image of synthesized Fe,O3 nanoparticles that exhibit
particle size ranging from 45 to 55 nm. The TEM image gives a
perfect view of size, size distribution and morphology. Fe,O3
nanoparticles with appropriate boundary can easily be identi-
fied in the image having narrow particle size distribution
without any agglomeration. Figure 3(b) illustrates selected area
electron diffraction (SAED) pattern that identifies the sample
based on diffraction from different planes of the sample under
investigation. SAED pattern exhibits poly-/nanocrystalline
nature of the synthesized nanoparticles based on the Bragg’s
reflection forming small and bright rings.

(b)

Fig. 3 (a) TEM image of synthesized Fe,O; nanoparticles (b)
SAED pattern

EHT =20.00 kv
WD = 7.5mm

Signal A = SE1
Photo No. = 101

Fig. 4 SEM image of the synthesized Fe,O5 nanoparticles

3.1.2 SEM. Particle size in large sample amounts has also
been determined using SEM. The sample has been prepared on
conducting Si substrates by placing a few drops of working
solution on it. Figure 4 shows SEM image of the synthesized
Fe, 05 nanoparticles. The SEM image exhibits Fe,O3 Nanopar-
ticles having a size ranging from 40 to 55 nm.

Journal of Materials Engineering and Performance
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Fig. 5 XRD pattern of the synthesized Fe,O3 nanoparticles

3.1.3 XRD. Phase and particle size determination have
also been performed using XRD, in scanning region 20 from
35° to 70° with a step size = 0.02° and time per step = 1.60 s.
Background subtraction, smoothening by Gaussian fitting
method and phases identification have been performed through
advanced XRD data processing software ‘“Ritward”. XRD
pattern of the synthesized Fe,O3 nanoparticles (Fig. 5) shows
typical reflections corresponding to the face-centered cubic
structure which is in agreement with published results. The
material, phase and structure can be identified by XRD pattern
in which diffractions from different planes give diffraction
peaks. Here, diffraction peaks are found to be shifted toward
lower 20 values as compared to those of bulk Fe,Os. Broad
110, 200 and 220 peaks in XRD spectra have been obtained at
20 angles 37.953°, 44.965° and 63.980°, respectively, indicat-
ing that synthesized Fe,O; nanoparticles are in o phase. The
broadening of diffraction peaks in the XRD pattern is ascribed
to the nanometer-sized crystallites. The average particle size of
the synthesized Fe,O5 nanoparticles is 51 nm calculated using
the Debye—Scherrer formula.

3.1.4 UV-Vis. Figure 6 shows the absorbance spectrum
of the Fe,O5 nanoparticles that exhibit typical absorbance at
342 nm corresponding to the interband transition from deep-
level electrons of valance band. The band gap of the
synthesized Fe,O3 nanoparticles is 2.87 eV calculated using
Tauc relation.

3.2 Thermal Conductivity of Fe,0; Nanofiuids

Thermal conductivity of Fe,O3 nanofluids has been mea-
sured as a function of the concentration of Fe,O5 nanoparticles
in water and ethylene glycol base fluids ranging from 0.0025 to
0.02 volume fractions at different nanofluids temperatures
ranging from 10 to 70 °C. Figure 7 and 8 show measured
thermal conductivity of Fe,Os;—water and Fe,O;—ethylene
glycol nanofluids, respectively. Thermal conductivity of these
nanofluids is higher than that of the base fluids and increases
with increasing the volume fraction of the dispersed nanopar-
ticles and/or the temperature of nanofluids. The thermal
conductivity increase is higher with the increase in concentra-
tion compared to an increase in temperature. Thermal conduc-
tivity enhancement with temperature is much more sensitive at
higher concentrations. In nanofluids, heat transfer mainly
depends on the formation of the layer-like structure between
nanoparticles and base fluids (Ref 28). The nanolayer, acting as
a bridge, is in an intermediate physical state between liquid and
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Fig. 6 UV-Vis spectrum of the synthesized Fe,O3 nanoparticles
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Fig. 8 Thermal conductivity of Fe,Os;—ethylene glycol nanofluids
as a function of volume fraction of Fe,O; nanoparticles at different
temperatures

solid (Ref 29). The thermal conductivity of the bridge is not
known yet expected to have higher than that of the bulk liquid.

For 0.0025-0.02 volume fraction of Fe,O5; nanoparticles in
water, thermal conductivity enhances 1.14-11.89 and 1.59-
16.45% at 10 and 70 °C, respectively. For the same increase in
the volume fraction of Fe,O; nanoparticles in ethylene glycol,
thermal conductivity enhances 0.83-13.69 and 1.58-19.76% at
10 and 70 °C, respectively. Though the thermal conductivity of
water is higher than ethylene glycol, thermal conductivity
enhancement of the Fe,0;—ethylene glycol nanofluids is higher



than that of the Fe,Os;—water nanofluids. Enhancement in
thermal conductivity is due to the formation and strengthening
of layer-like structure (Ref 28) which is directly dependent on
the interaction between nanoparticles and fluids. This diverse
interaction may be attributed as the reason for the varying rate
of thermal conductivity enhancement for the two base fluids.
Results of the study are similar to the work performed by
Kumar et al. (Ref 30). Kumar et al. studied Fe,Os/water and
Fe,O5/ethylene glycol nanofluids heat transfer enhancement in
a shell and tube heat exchanger. They reported increased
thermal conductivity with the increase in concentration. It was
suggested that suspended nanoparticles increase turbulence in
fluids accelerating energy exchange process. Table 2 summa-
rizes similar prior works, and their results have been compared
with the findings of the present study.

3.3 Comparison Between Results of Experimental
Measurements, Theoretical Models and ANN Predictions

In the present study, results of experimental measurements
have been compared with predictions of standard theoretical
models and ANN. Figure 9 and 10 show the comparisons of
experimental results of thermal conductivity measurements as a
function of volume fraction at 30 °C with predictions of
theoretical models and ANN, for Fe,Os;—water and Fe,Oz—
ethylene glycol nanofluids. ANN predictions are very close to
experimental results. Maxwell model, Bruggeman model and
Yu and Choi model underestimate the thermal conductivity,
while H-C model predictions lie in the middle of estimations
by Yu and Choi and ANN. Mean errors in predictions by ANN
and H-C model are 0.11 and 1.19% for Fe,O;—water nanofluids
and 0.17 and 1% for Fe,Oz;—ethylene glycol nanofluids,
respectively.

Figure 11 and 12 show the comparisons of experimental
results of thermal conductivity measurements as a function of
temperature at 0.01 volume fraction with predictions of
theoretical models and ANN, for Fe,Os;—water and Fe,Oz—
ethylene glycol nanofluids, respectively. ANN predictions are
well matched with experimental results than predictions by
theoretical models. Though the best match with experimental
findings, there are disparities with experimental values at
T=60 °C (Fig. 11) and 7= 10 °C (Fig. 12) that may be
attributed to overfitting. ANN basically simulates human brains
that develop a hypothesis during learning. The learning is
affected by sample size, number of features, variance in the
aspect values within the feature and between the features, etc.

Table 2 Comparison of our findings with previous works

The large variation in the feature values may sometimes affect
the performance of the learned system giving rise to such kinds
of disparity. Since ANN is a machine learning technique, not
the rule-based technique, the disparity may occur randomly or
may not occur. Cost of the disparity is generally compared with
the overall performance of the learned hypothesis which is
quite good in the present case, emphasizing that the disparity
can be safely ignored without any significant cost.

The formulations of the used theoretical models do not
contain terms for temperature dependency, so the models did
not predict thermal conductivity with temperature accurately.
Mean errors in predictions by ANN and H-C model are 0.27
and 1.13% for Fe,Os;—water nanofluids and 0.15 and 0.96% for
Fe,05—ethylene glycol nanofluids, respectively.

4, Conclusions

The aim of the present work was to modulate the
thermophysical properties of nanofluids for better heat transfer
performance. For the purpose, iron oxide nanoparticles have
been chosen due to its interesting properties and widespread
applicability. The particle size of the synthesized Fe,0;
nanoparticles has been in the range of 40-55 nm with a face-
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Fig. 9 Comparison of experimental results of Fe,Os—water
nanofluids’ thermal conductivity measurements as a function of
volume fraction at 30 °C with predictions of theoretical models and
ANN

% increase in

Size, Temperature thermal
Reference Nanoparticles nm Base fluids Concentration range range conductivity
Kumar et al. (Ref 30) Fe,05 22 Water 0.02-0.08% volume fraction 30-50 °C 6
Kumar et al. (Ref 30) Fe,04 22 Ethylene glycol 0.02-0.08% volume fraction 30-50 °C 17
Zouli et al. (Ref 31) Fe,05 10 Water 0.01-0.09 volume fraction 25-65 °C 32
Guo et al. (Ref 32) Fe,04 20  Ethylene glycol-deionized 0.005-0.02 volume fraction 3.50
water (45:55)

Colla et al. (Ref 33) Fe,04 Water 5-20 wt.% 10-70 °C 23.65
Huminic et al. (Ref 34) Fe,05 10 Water 0.5-4 wt.% 20-70 °C 59.00
Nurdin et al. (Ref 35) Fe,05 Water 0.1-0.6 vol.% 10-35 °C 18.84
Present study Fe, 03 47  Water 0.0025-0.02 volume fraction 10-70 °C 16.45
Present study Fe,04 47  Ethylene glycol 0.0025-0.02 volume fraction 10-70 °C 19.76
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centered cubic structure having o phase. The thermal conduc-
tivity of Fe,Osz—water and Fe,Oz—cthylene glycol nanofluids
has been higher than that of the base fluids and increases with
increasing concentration of dispersed nanoparticles and tem-
perature of the nanofluids. An increase in thermal conductivity
with concentration has been higher compared to temperature.
At higher concentrations, thermal conductivity enhancement
with temperature has been more prominent compared to
nanofluids of lower concentrations. For the same concentration
of dispersed Fe,Oz nanoparticles, the thermal conductivity
enhancement rate has been higher for ethylene glycol base
nanofluids compared to water base nanofluids.

Estimation using the Maxwell model, the Bruggeman model
and the Yu and Choi model exhibits a significant deviation from
the experimental results, while the performance of the H-C
model is in the acceptable region. Predictions using ANN are
very close to experimental results showing significant learning
by establishing concentration and temperature dependence of
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Fig. 12 Comparison of experimental results of Fe,Os;—ethylene glycol nanofluids’ thermal conductivity measurements as a function of
temperature at 0.01 volume fraction with predictions of theoretical models and ANN
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thermal conductivity. Average percentage errors in prediction
using ANN and H-C model are 0.11 and 1.19% for Fe,Os—
water nanofluids and 0.17 and 1% for Fe,Os;—ethylene glycol
nanofluids, respectively.

The overall findings of the current investigation signify the
favorable applicability of Fe,Oz nanofluids for heat transfer
enhancement. Results emphasize the selection of suitable base
fluid as the rate of thermal conductivity enhancement is highly
sensitive to base fluid, concentration and temperature. Inline
findings of ANN provide an accurate, fast and low-cost
alternative to the experimental approach.
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