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Abstract

The NiFe,O4 magnetic nanoparticles synthesized and used to prepare stable water-based magnetic nanofluids of various
concentrations by ultrasonically assisted two-step techniques. Thermophysical investigations are made on the nanofluids
at different temperatures ranging from 20 to 80 °C. The measurements revealed that the thermal conductivity of nanofluids
significantly enhances with an increase in the percentage of nanoparticle volume fraction. The thermal conductivity
measurements showed that the maximum enhancement is 32.65% achieved at 1% nanoparticle volume fraction and at 80 °C.
Specific heat of nanofluids was decreased with increasing nanoparticle volume fractions, and it augments with increasing
temperature. Viscosity measurements showed that nanofluid had a Newtonian behavior at all nanoparticle volume fractions
and temperatures considered. The viscosity of the nanofluid increased with increasing nanoparticle concentration and
decreasing temperature. Experimental results revealed that the viscosity sensitivity to temperature variation is minor, while
it is more sensitive to the variations of nanoparticle volume fraction. The density of nanofluids was increased with increasing
nanoparticle volume fractions and decreased with increasing temperature. Lastly, efforts were made to provide a precise
correlation to estimate the thermal conductivity, as well as other thermophysical properties at various temperatures and
volume fractions of nanoparticles. The comparison between the results and the correlation results showed a good agreement.
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1 Introduction

Heat transfer science is one of the most important branches
in most of the applied engineering sciences in the present
scenario. The good heat management is the essential need
of the energy management, saving energy, and achieving a
higher efficiency of the equipment and devices [1]. Since a
way back, various conventional fluids such as water, ethy-
lene glycol, oil, etc. are used in heat transfer systems [2].
The fluid heat transfer is broadly used in various industries
including the cooling of power plant equipment, automobile
industry, electronic equipment, and heat exchangers [3]. Im-
proved heat transfer rate by fluids raises thermal efficiency
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while improving the design and performance of thermal sys-
tems. These conventional fluids in the industry have insig-
nificant heat transfer capability [4]. From an industrial
perspective, there is a need for developing fluids with a
higher thermal conductivity and higher heat transfer coef-
ficients [5]. The heat transfer coefficients of the conven-
tional fluids can be enhanced by suspending nanoparti-
cles in the base fluid, and the product fluid is termed as
“nanofluids” [6].

Nanofluids, are a new achievement, have a higher heat
transfer potential than conventional heat transfer fluids.
As the heat transfer capacities of nanofluids significantly
depend on the thermal conductivities of nanoparticle and
base fluid, the augmentation in thermal conductivity val-
ues of metallic nanofluids is reported to be significant [7].
Typically, conventional fluids such as water, oil, and ethy-
lene glycol have low heat transfer capacities than metal
nanoparticles such as Ag, Cu, CuO, Al,O3, Fe;03, SiO»,
TiO;, etc. with a notable thermal conductivity [8]. Nanoflu-
ids with nanoparticles have many applications in bioengi-
neering, aerospace, microfluidics, mechanical engineering,
chemical engineering, electronic packing, and renewable
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energy systems [9, 10]. Among the existing nanoparti-
cles, magnetic nanoparticles (such as CoFe;Oq4, NiFe;Oy,
MnZnFe>O4, MnFe,>0y4, Fe;O3, Fez0y4, Co, and Fe) have
attracted special attention due to their remarkable features
[11-15]. Due to the very small size of the particles, corro-
sion, impurities, and pressure drop are reduced significantly.
Furthermore, the stability of nanofluids is considerably
improved against sedimentation. By adding nanoparticles to
the base fluid in a nanofluid, thermophysical properties will
change relative to the base fluid. Since thermophysical prop-
erties are dependent on temperature and the concentration of
nanoparticles in the base fluid, maximum desirable thermo-
physical properties can be achieved by changing these two
factors (temperature and concentration) [16, 17]. Generally,
nanofluids have a high thermal conductivity most impor-
tant to a high heat transfer rate. The thermal conductivity
of nanofluids plays a very important role in heat transfer
applications [18]. The thermal conductivity of nanoparti-
cles is much higher than that of liquids. Consequently, the
addition of nanoparticles to liquids will increase their ther-
mal conductivity [19]. Thermal conductivity enhancements
in nanofluids are generally described using the effective
medium theory (EMT) that is based on Maxwell’s mean
field theory [20]. There are reports in the literature show-
ing thermal conductivity enhancement in nanofluids to be
within [21] or beyond [19] the estimates of effective me-
dium theory.

A short literature review based on previous reports of
the improved thermophysical properties of nickel ferrite
(NiFe;O4) and water-based nanofluids is presented below.
Karimi et al. studied the thermal conductivity of magnetic
nanofluids containing MFe;04 (M = Fe and Co) nanopar-
ticles suspended in deionized water in the volume fractions
between 0 and 4.8%. The experimental results show that
the thermal conductivity of MNFs increases with increase in
volume fraction [22]. In his other investigation, the thermal
conductivity of NiFe,O4 nanoparticles dispersed in deion-
ized water in concentrations between 0 and 2% and in the
temperature range of 25-55 °C. The maximum enhance-
ment in thermal conductivity of nanofluids is 17.2% at 2%
volume concentration and in temperature of 55 °C [23].
Amani et al. studied MnFe,O4/water nanofluid in 0.25 to
3% concentrations. The thermal conductivity of nanofluid
enhanced with increasing of nanoparticle volume fraction
and increasing temperature. The highest thermal conductiv-
ity improvement is achieved by 26.4% at 60 °C and 3 vol.%
of nanoparticle concentration [24]. Shahsavar et al. con-
ducted studies of the thermal conductivity and viscosity of
the water-based hybrid nanofluid containing both Fe3O4
magnetic nanoparticles, and carbon nanotubes (CNTs) are
measured at temperatures between 25 and 55 °C, Fe3zO4
volume concentrations between 0.1 and 0.9%, and CNT
volume concentrations between 0 and 1.35% [25].
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Therefore, in the present work, a systematic experimen-
tal study on the thermophysical response of NiFe,O4—water
nanofluids to the heat transfer are made for the basic under-
standing of how the NiFe;O4 nanoparticles behave in water
and how they interact with each other and also with the
molecules of water. Preparing the stable and homogeneous
suspensions of NiFe,O4 nanoparticles in water and attain-
ing a deeper understanding of particle—fluid interactions as
functions of concentration and temperature are the main
concern of the present work. In this work, the synthesis, heat
transfer characteristics, and the thermophysical properties
of NiFe,O4—water nanofluids are studied experimentally;
validation with current theoretical models indicates that
interface in this nanofluid system prevents the use of simple
models. For systems such as this likely due to the presence
of NiFe;0O4 and associated thermal resistance may need to
be better modeled. Our studies clearly point to the need for
this. In addition, the paper is intended to formulate a rela-
tionship between thermophysical properties and concentra-
tion of NiFe,O4 in nanofluids, which would be of great
importance in view of the difficulties in the experimental
determination of thermal conductivities of nanofluids.

2 Experimental

2.1 Materials

For the synthesis of nickel ferrite nanoparticles, pri-
mary chemicals including nickel(II) nitrate hexahy-
drate (Ni(NO3)>*6H»0)), iron(Ill) nitrate nonahydrate
(Fe(NO3)3*9H0)), sodium hydroxide (NaOH), acetone
(CH3COCH3), Di water (H>O), and nitric acid 69%
(HNO3) were used without any purification. Chemicals
were of analytical regent (AR) grade and purchased from
Merck Millipore.

2.2 Synthesis of NiFe;04 and Preparation
of Nanofluids

Aqueous solutions of nickel nitrate and ferric nitrate were
prepared separately in stoichiometric ratio of 1:2 to obtain
the precursors. Both the solutions were mixed together
and stirred for 1 h to get a homogeneous mixture. pH of
the mixture was found to be 3. Then, 2 M NaOH solu-
tion was added drop by drop to the above mixture with
simultaneous stirring until the pH reaches 9. A brown preci-
pitate thus obtained was heated at boiling temperature for
2 h, was allowed to cool, and washed several times with
distilled water to remove impurities. Then, 200 ml of 2 M
aqueous HNOj3 solution was added to the above precipitate
and stirred for 1 h. The supernatant solution was removed,
and the residue was cleaned thrice with acetone. These
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nickel ferrite nanoparticles were dried overnight at the 60 °C
in a microwave furnace. Nickel ferrite nanofluids of various
concentrations (0.2, 0.4, 0.6, 0.8, and 1% by volume) were
prepared by dispersing appropriate amount of nanoparticles
in water by employing ultrasonication for 3 h to get a homo-
genous suspension without any phase separation and sedi-
mentation. The detailed flowchart and procedure of prepa-
ration of nanofluid are given in our earlier reports [26, 27].

2.3 Characterizations
2.3.1 Properties of NiFe;04 Nanoparticles

The structural, morphological, elemental, and magnetic
analysis of prepared nickel ferrite magnetic nanoparticles
were studied using X-ray diffractometer (XRD), field emis-
sion scanning electron microscope (FESEM), energy dis-
persive X-ray spectroscopy (EDS), and vibrating sample
magnetometer (VSM). The XRD pattern was compared
with the Joint Committee on Powder Diffraction Standards
(JCPDS) (card number 10-0325). XRD (BRUKER D8
Advance) with Cu-Ka radiation (A = 1.5418 A) in the 26
ranging from 20° to 80° was used for phase identification
and crystal structure analysis of the NiFe;O4 magnetic
nanoparticles. Based on the Debye—Scherrer equation, from
the full width at half maximum (FWHM) of the highest-
intensity diffraction peak (311), the crystallite size was
calculated. The morphology and particle size distribution
of the NiFe;O4 nanoparticles were determined by FESEM
micrographs. The compositional and elemental percentage
were resolute from the EDS spectrum of the NiFe;Oj.
The magnetic properties including saturation magnetization
(M), remanence magnetization (MR), and coercivity (H.)
of the NiFe;O4 were analyzed from M-H plot obtained
from VSM.

2.3.2 Thermophysical Properties

The thermophysical properties of NiFe,O4—water nanoflu-
ids were analyzed using thermal conductivity meter, differ-
ential scanning calorimeter, viscometer, and density meter.
The thermal conductivity of the prepared nanofluids was
measured from KD2 Pro (Decagon Devices, Inc., USA)
thermal property analyzer with a maximum error of about
5%. The transient hot wire (THW) technique was employed
in KD2 Pro for measurement of thermal conductivity. A
sample container of the cylindrical testing chamber with a
diameter of 30 mm and length of 100 mm and the KD2
Pro KS-1 (stainless steel single needle) sensor with a length
of 60 mm and a diameter of 1.27 mm vertically inserted
into the center of nanofluids were used. Each measurement
cycle was 60 s. Heat is applied for 30 s. Thirty seconds
were allowed for temperature equilibration before heating

starts. Each measurement cycle was of 60 s. The ther-
mal conductivity (k) of nanofluids was obtained by the
following equation:

Int; —Int
k_‘](nz nty)

T A(AT: — AT M

where ¢ is the constant heat rate and 7 and 77 are the
changes in temperature at times f, and f;, respectively.
DSC-60 (Shimadzu Corporation) Plus Series Differential
Scanning Calorimeter were used to record for the specific
heat of the nanofluids. The Anton-Paar portable density
meter was used for the measurement of the density of
nanofluids. The viscosities of the nanofluids were recorded
by the Brookfield DV-III viscometer. The stable temperature
bath was used to stabilize the temperature of the samples.
The measurements were carried out three times, and
the average values of the carried out measurement were
recorded for all the thermophysical measurements.

3 Results and Discussion

3.1 Structural, Morphological, and Elemental
Analysis

The recorded XRD pattern of the prepared spinel NiFe;O4
nanoparticles is shown in Fig. 1. The figure shows that
the prepared nanoparticles have a well crystalline phase.
Oxygen position and octahedral (B) and tetrahedral (A)
positions of ions are shown in the inset of Fig. 1. The crystal
planes of (220), (311), (222), (400), (422), (333), (440),
(531), (620), (553), and (444) were observed in XRD; it
was also compared with the Joint Committee on Powder
Diffraction Standards (JCPDS) (card number 10-0325) [28].
The XRD data reveals that the sample was crystallized in
single phase spinel structure corresponding to the Fd3m
space group [29, 30]. The calculated structural parameters
[31, 32] are listed in Table 1.

The FESEM micrographs of NiFe;O4 are shown in
Fig. 2a, b. The FESEM micrographs show that the prepared
particles are spherical in nature, and the grains are dis-
tributed homogeneously. The nanoparticles are of the nano-
crystalline nature, and grains are agglomerated; this agglo-
meration is attributed to high surface energy and magnetic
interactions of the NiFe;O4 magnetic nanoparticles [33].
Thus, agglomeration and some of the elongated particles
are observed in FESEM micrographs. Similar observations
were reported for nanocrystalline mixed spinel ferrite pre-
pared using the wet chemical route [34]. Obtained data from
FESEM micrographs, i.e., average particle size (D’) and
specific surface area (SSA) are listed in Table 1.

The size distribution was obtained from the particle size
distribution histogram, and for that, we have measured
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Fig.1 X-ray diffraction of the nickel ferrite nanoparticles; inset, spinel
structure

the average size of 300 particles observed in the FESEM
micrograph. The size distribution histogram of the NiFe;O4
magnetic nanoparticles is shown in Fig. 3. The average
particle size obtained from the micrograph is (D’), which is
smaller than earlier reports on NiFe,O4 nanoparticles pre-
pared by co-precipitation method [35]. The observations ob-
tained from the FESEM micrographs are in good agreement
in XRD pattern.

The observed elemental spectrum of NiFe,O4 magnetic
nanoparticles is shown in Fig. 4. The elemental spectra show
that all the peaks belong to the present elements in the com-
position of NiFe, Oy, i.e., nickel (Ni), iron (Fe), and oxygen
(O). The percentage of Ni, Fe, and O is shown in the
inset of Fig. 4. The elemental spectrum of NiFe;O4 mag-
netic nanoparticles reveals the composition has prepared
without any impurity. The obtained atomic ratio of Ni, Fe,
and O match well with that expected and maintains the sto-
ichiometric proportion. This shows the significance of the
co-precipitation technique for the synthesis of the nanocrys-
talline NiFe,O4 magnetic nanoparticles.

3.2 Magnetic Analysis
The M-H hysteresis plot of the NiFe,Os magnetic

nanoparticles at the 300K temperature is shown in Fig. 5.
From the hysteresis plot, the magnetic parameters reveal

o

S-4800 20.0KV 13.6mm x45.0k SE(M) 22/03/2017 15:05

Fig.2 a, b FESEM micrograph of the nickel ferrite nanoparticles

that the M, Mg, and H, are also measured, and it is found
to be 81.91 emu/g, 2.35 emu/g, and 39.68 Oe, respectively.
The sample has high M and tiny Mg and H., which shows
the sample exhibits a superparamagnetic nature [36]. The
prepared magnetic nanoparticles have superior magneti-
zation as compared with an earlier report on NiFe;O4
prepared by sol-gel [34] and chemical co-precipitation
[37] method. The magnetic behavior of present NiFe,O4
nanoparticles can be explained by Neel’s ferrimagnetism
model [33]. Using Neel’s model, the theoretical magneton
number of NiFe;O4 nanoparticles was calculated as

ng = Mp — Ma (2

Table 1 Molecular weight (My,), lattice constant (a), crystallite size (D), particle size (D'), specific surface area (SSA), X-ray density (0xrD),
bulk density (ppuLK), and porosity (Pt) of oleic acid-coated nickel ferrite nanoparticles

Sample My, (g/mol) aA) D (nm) D’ (nm)

SSA (m*/g) oxRD (g/em?) pBULK (g/cm®) Pt (%)

NiFe>O4 234.38 8.355 10.40 95+£2

115.94 5.336 3.633 31.83

@ Springer
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Fig. 3 Histogram showing particle size distribution from FESEM
micrograph of the nickel ferrite nanoparticles

where Mp and M4 are the magnetic moments of octahedral
and tetrahedral sites, respectively. It is a well-known fact
that the Ni%* has a preference for octahedral B sites, and
Fe3* occupies each tetrahedral site as well as the octahedral
site. However, Ni2T ions have octahedral site preference
and must occupy tetrahedral A sites. The resulting
cation distribution can be written as (Ni0.347Feo_653)A and
(Nig.es53Fe1 347)B. Thus, the Ni2t ion distribution over both
sublattices must be well supported and confirmed.

The magnetic properties of nanoparticles are different
which are found in the bulk materials. Magnetic domains
are the bunch small regions that exist in the magnetic
materials. These magnetic domains are caused by the equi-
librium of numerous energy footings, the exchange energy,
the magneto-crystalline anisotropy, and the magnetostatic
energy [38]. Due to the exchange energy available in mag-
netic materials, they start to align with the magnetic moment
with the similar direction, and the magneto-crystalline
anisotropy changes show turning in a magnetic moment in

Fig.4 EDS spectrum of the
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Fig.5 M-H hysteresis curve of the nickel ferrite nanoparticles

the same direction. But the magneto-static energy is respon-
sible for the disappearance of the magnetization in the
magnetic materials [39]. The magnetization that appears in
the magnetic materials is the sum of the total magnetiza-
tion associated with all domains present. It discovered that
the magnetic domains in the ferromagnetic crystals have
the smallest size (below 50 nm) whereby the ferromagnetic
material cannot divide further into another small domain
and are termed as single or monodomain particles [40].
Thermal energy acts as the main part in the magnetic uncer-
tainty of single-domain magnetic particles. Due to the small
particle size obtained in preparing the NiFe,O4 nanoparti-
cles, it is clear that the size of the nanoparticles were below
the critical size, showing that the prepared sample may have
a single magnetic domain. Figure 6 shows that the particle
size and coercivity depended on the magnetic domain curve.

It is clearly revealed by FESEM (Fig. 2a, b) micrographs
that the prepared NiFe;O4 are at average particle size of
9.5 nm. Hence, the prepared NiFe,O4 nanoparticles exhibit
a superparamagnetic nature. Every nanoparticle of the
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Fig.6 Particle size and coercivity depended on magnetic domain curve

prepared NiFe,O4 exhibits a high magnetic moment, and
the magnetic domains change its alignments continuously,
due to its superparamagnetic nature. A superparamagnetic
material exhibits a very quick response to the applied
magnetic field. Therefore, in the superparamagnetic state,
the NiFe;O4 nanoparticle acts as a paramagnetic atom with
a giant spin [41].

3.3 Thermophysical Analysis of Nanofluids

The addition of nanoparticles in the host liquid is signif-
icantly affected by its thermophysical properties such as
thermal conductivity, density, viscosity, and specific heat
that affect the convective heat transfer. For the high per-
formance of the cooling systems, the heat transfer fluid
should have excellent thermophysical properties [42]. The
nanoparticles are playing a vital role and drastically enhance
the thermophysical properties of the host liquid. Figure 7
illustrates these thermophysical properties. Different nano-
materials changed their parameters to a different extent.
The concentration of nanoparticles, purity level, shape, and
size of nanomaterials are some of the prime factors that
significantly alter the thermophysical properties [18].

@ Springer

3.3.1 Thermal Conductivity

The changes in the thermal conductivity of the nanoflu-
ids change with volume fraction as shown in Fig. 8. From
the observation, it is revealed that the thermal conductiv-
ity of the NiFe,O4—water nanofluids is augmented with
increasing nanoparticle volume fraction from 0.2 to 1%. The
similar augmentation trend is observed for the entire volume
fraction. In the present work, the thermal conductivity of
NiFe;O4 nanoparticles is 4.8 W/mK, while it is approxima-
tely 0.6 W/mK for water. Hence, adding the NiFe;O4
nanoparticles into water would enhance its thermal conduc-
tivity. In fact, the higher nanoparticle volume fraction in the
nanofluid leads to a smaller distance between the nanopar-
ticles; consequently, the probability of formation of clusters
due to van der Waals attraction increases [26]. There are var-
ious other reasons for thermal conductivity augmentation of
water in the presence of nanoparticles such as the Brown-
ian motion of nanoparticles, the creation of complexes of
nanoparticles and collisions between them, the formation of
a layer of fluid molecules together with the surfaces of the
nanoparticles, and clustering of nanoparticles [24, 43]. Clus-
tering of nanoparticles leads in the creation of paths with
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Fig.7 Illustration of
thermophysical properties:
thermal conductivity, density,
specific heat capacity, and
viscosity
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lower thermal resistance, which would enhance heat trans-
fer in the fluid [18]. This phenomenon can influence the
thermal conductivity of nanofluids.

The effect of temperature on the thermal conductivity of
the nanofluids is also shown in Fig. 8. The experimental

1.00
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Fig.8 Variation in thermal conductivity of NiFe, O4—water nanofluids
with temperature and volume fraction

results show the enhancement in the thermal conducti-
vity of the nanofluids with increasing the temperature from
20 to 80 °C. The main reason for thermal conductivity
enhancment due to the temperature increase can be
characterized by Brownian motion and the increase in
interactions between the nanoparticles [44]. However, the
thermal conductivity of water considerably augments with
increasing temperature, while the thermal conductivity of
nanofluid slightly enhances. In fact, when nanoparticles
are present in the water, the creation of nanoclusters
takes place. Therefore, the Brownian motion is limited
due to van der Waals forces; as a result, the effect of
temperature becomes lower [26]. The thermal conductivity
measurements show that the maximum enhancement of
thermal conductivity of nanofluid is 32.65%, which occurs
in a nanoparticles volume fraction of 1% and temperature
of 80 °C.

The observed thermal conductivity also tried to estimate
the mathematical model shown in Fig. 8 (dotted lines). The
thermal conductivity is estimated by the equation,

kne _ kp+2ke+20 (kp + ke)
ki kpt2ks + @ (kp + k)

3
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where the thermal conductivity of the nanofluid kyy, ks is the
thermal conductivity of the base fluid and ¢ is the volume
fraction of the particles.

The estimated values have a very tiny difference, and
the theoretical curve flows to the experimental curve for
nanoparticle volume fraction from 0.2 to 1%. This shows
that the mathematical model used here is most suitable for
estimating the thermal conductivity of the NiFe,O4—water
nanofluids.

3.3.2 Specific Heat

The specific heat is the energy required to heat the sample
by 1 °C, which is the specific heat capacity of the nanofluid
sample, and this has a significance in the heat transfer sys-
tems. The effect of the addition of the NiFe;O4 nanoparti-
cles is shown in Fig. 9. From the experimental data, it can
be seen that the specific heat of the nanofluids is decreased
with increasing nanoparticle volume fraction from 0.2 to
1%. Here, the lower specific heat of nanoparticles in the
base fluid results in a decrease in the specific heat capacity
of the nanofluid with an increase in particle concentra-
tion. Effect of the temperature is also revealed in Fig. 9.
The nanofluids were studied in the temperature range of
20 to 80 °C, and the observations show that there are very
small changes in the specific heat of the nanofluids with
increasing temperature.

Further, the estimated specific heat (Cyr) of a nanofluid
with the experimental values are presented in Fig. 9 and
that is straightforward and estimated based on the physical
principle of the mixture rule [45] as,

_ ppCp+(1—0) prCt

) “)
epp+(1—@)pr
4200
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Fig. 9 Variation in specific heat of NiFe,O4—water nanofluids with
temperature and volume fraction
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where pp, is the density of nanoparticles, Cy, is the specific
heat of nanoparticles, pr is density heat of base liquid, Cy is
specific heat of base liquid, and ¢ is volume fraction.

The experimental values obtained are rationalized with
the theoretical values, and it is found that there is an average
of 1.50% deviation in the experimental and theoretical val-
ues. This deviation in the observed values regarding calcula-
ted results is likely due to the formation of nanolayer bet-
ween the particle and the fluid. The surface of the nanoparti-
cles is multiple phases. Hence, specific heat capacity, which
is a thermophysical quantity, is dependent on not only the
bulk phases but also the nature of interfacial nanolayers.
Hence, relevant corrections are needed to account for the
observed behavior [45].

3.3.3 Viscosity

The viscosity of the heat transfer fluids (nanofluids) is a
very important propert; it is directly related to the energy
consumptions of the heat transfer system. The higher the
viscosity, the more energy will be required to circulate the
nanofluid in the system [27]. The effect of nanoparticle
volume fraction in the nanofluids is plotted in Fig. 10.
The observed results reveal that the viscosity increases with
increasing nanoparticle volume fraction from 0.2 to 1%. The
viscosity effect is to withstand the relative movement of the
liquid. In fact, it plays a key role in the momentum transfer
between the layers of liquid, which acts long as there
are movements between the layers. This phenomenon is
because of the van der Waals forces between the molecules.
Therefore, the dispersion of nanoparticles in water would
increase its viscosity as a result of the interactions between
them. By increasing the number of nanoparticles in a
specific amount of water, larger nanoclusters arise due to
the van der Waals forces between them, which can prevent
the movement of water layers on each other. It may lead to
improvement in viscosity of nanofluids [46, 47].

Figure 10 also reveals that the viscosity of the nanofluid
reduces with an increase in temperature. This is due to the
fact that, with enhancing temperature, the intermolecular
interactions between the molecules become feeble and
thus the viscosity is reduced. While optimizing nanofluids,
it is important to assure that these nanofluids exhibit a
Newtonian behavior without increasing the need for extra
pumping power [48]. Primarily, temperature and particle
volume fraction influence the viscosity of nanofluid. The
effective viscosity (upr) of a suspension of solids may be
estimated as:

Bl 14250 (5)
1234

Here, ¢ is the volume fraction of the particle and puy is
the viscosity of the base fluid under consideration. The
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Fig. 10 Variation in viscosity of NiFe;Os—water nanofluids with
temperature and volume fraction

experimental and theoretical results show much difference
between 20 and 50 °C. It is essential to note that this model
does not estimate the effective viscosity of nanofluids up to
55 °C temperature reported here reliably. Further, the expe-
rimental and theoretical results show good agreement from
55 to 80 °C. Therefore, the pressure drop problems related
with the flow of nanoparticle inside the thermal systems
cannot be ignored and is a limitation of the nanofluid repor-
ted here.

3.3.4 Density

The physical properties of the heat transfer system which
are the friction factor, pump loss, and Reynolds number
significantly depend on the density of the heat transfer fluids
(nanofluids). The density of any nanofluid is directly related
to particle volume fraction. The density of the nanofluids
rises approximately in a linear manner with increasing
volume fraction from 0.2 to 1%. Density decreases with
increase in temperature of the fluid.

The theoretical model accounts for the variation in con-
centration at various temperatures [49]. In order to deter-
mine the rheology of suspensions, volume concentration is
often used instead of mass concentration. Once the volume
concentration is determined, the density of the nanofluid can
be determined from,

onf = @ppp + (1 — @) pr (6)

where p,, is the density of particles, pr is the density of the
base liquid, and ¢, is the volume fraction of the particles
Experimental and theoretical studies (Fig. 11) show the
decrease in density as a function of temperature. This
decrease in density is mainly due to the weakening of bonds
at elevated temperatures. It can be seen that the densities
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Fig. 11 Variation in the density of NiFe;O4—water nanofluids with
temperature and volume fraction

obtained are well within the range. This is because density
is a purely physical parameter and the interface does not
play a significant role in affecting the density of the system
[50]. It notes that the experimental curves follow theoretical
curves for 0.2 and 1.0 volume fraction with an average 0.5%
difference.

4 Conclusion

Stable NiFe,O4—water nanofluids of various concentrations
of 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0% have been synthesized.
The thermophysical properties were studied at temperatures
ranging from 20 to 80 °C. Experimental results indicated
that the thermal conductivity significantly augments with an
increase in the percentage of nanoparticle volume fraction.
Moreover, the thermal conductivity ratio of pure water
is considerably augmented with increasing temperature,
while the thermal conductivity of nanofluid is slightly less
enhanced. The thermal conductivity measurements showed
that the maximum augmentation of thermal conductivity of
nanofluids was 32.65% achieved at nanoparticles volume
fraction of 1% and at 80 °C. Specific heat of nanofluids was
decreased with increasing nanoparticle volume fractions
and is augmented with increasing temperature. Viscosity
measurements showed that all samples of the nanofluid
had Newtonian behavior. Experiments also indicated that
the viscosity of the nanofluid increased with increasing
nanoparticle concentration and decreasing temperature.
Performing the sensitivity analysis at various temperatures
showed that the viscosity sensitivity to temperature variation
is minor. The density of nanofluids was increased with
increasing nanoparticle volume fractions and decreased
with increasing temperature. Using experimental results, in

@ Springer
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order to predict the thermal conductivity of NiFe,O4—water
nanofluids, a correlation has been proposed. Comparison
between experimental results and the correlated output
demonstrated that the correlation has a high accuracy.
Hence, this correlation can estimate the thermophysical
properties of NiFe, O4—water nanofluids
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