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Abstract

Magnetic nanofluids (commonly known as ferrofluids) have captured the great attention of the researchers due to their various
kinds of applications such as heat transfer, hyperthermia treatments, targeted drug delivery etc. The present experimental
investigations deal with the thermoacoustic behaviour of the water based nanofluids of nickel ferrites. The magnetic nickel
ferrite nanoparticles were produced by the simple and inexpensive chemical co-precipitation route. The prepared nanopar-
ticles were exposed to different characterization tools for structural, morphological, compositional and magnetic properties
analysis. X-ray diffraction analysis with Rietveld refinement confirmed the single phasic nature with nanometric crystallite
size of the prepared nanoparticles. Scanning electron microscope images revealed the spherical and nanocrystalline morphol-
ogy of the prepared nanoparticles. The M-H plot recorded at room temperature revealed the superparamagnetic nature of
the nanoparticles. Further, the co-precipitated nickel ferrite nanoparticles with different concentrations were utilized for the
preparation of the water based magnetic nanofluids. Colloidal stability of the prepared nanofluids was analyzed by UV—Vis
spectroscopy technique and it revealed the stability over 11 days without separation in phase. The temperature dependent
thermoacoustic properties of the prepared nanofluids were analyzed through Ultrasonic Interferometer. The interaction
between particle—particle and particle—fluid are explained on the basis of thermo-acoustic parameters.

1 Introduction

Magnetic nanofluids (well known as ferrofluids) are noth-
ing but a colloidal suspension of the nanosized magnetic
nanoparticles sized in between 1 nm and 50 nm in the flu-
idic media. The magnetic nanofluids were demonstrated the
blend of the duel properties i.e. the magnetic and addition-
ally the fluidic [1]. The properties of the magnetic nanofluids
like thermal conductivity, density, viscosity, acoustic etc can
be easily tuned by introducing the guest magnetic field [2].
Pertaining to the novel properties at the nanoscale, nanopar-
ticles have been broadly utilized in an assortment of uses,
for example, medication, electronics, optics, manufacturing,
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catalysts, advance photovoltaics etc [3—7]. The custom-
ary liquids, for example, water, oil, ethylene glycol (EG),
and so on were broadly utilized for the preparation of the
nanofluids [8—10]. The ordinary liquids have low thermal
properties with a correlation of the metals. The utilization
of metal nanoparticles with little sum in an ordinary liquid
improves these properties of the nanofluids [11, 12]. The
ferromagnetic materials (for example, Fe, Co, Ni, Fe;O, and
other metal oxides) are generally utilized for this purpose
and it demonstrated their impact on the properties of mag-
netic nanofluids [13]. The cubic spinel ferrites (MFe,O,, M
is the divalent metal ion) are a vital class of the magnetic
material which possess high saturation magnetization and
great thermal properties [14, 15]. The magnetic interface and
London-van der Waals forces are the fundamental driver’s
to settle down magnetic nanoparticles in the fluidic medium
[16]. This agglomeration in the magnetic nanofluids can be
overcome by a few strategies, for example, incorporation of a
surfactants [17], ultrasonication [18], modifying pH esteem
[19] of the nanofluids, and so forth.

The ultrasonic technique has turned into a useful asset for
assessment of physicochemical properties of the materials.
They have captured huge applications in fundamental science,
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industries and biochemical innovation [20]. Estimation of
ultrasonic velocity and other determined parameters in dissolv-
able assumes basically an essential job in the investigation of
the physicochemical conduct of solutions [21]. It figures some
essential thermodynamic properties which give subjective data
with respect to sub-atomic interactions [22].

In this respects, Leena et al. were readied TiO, NPs pro-
duced by sol-gel technique and prepared TiO,—water nano-
fluid. The TiO, nanofluid at different volume divisions was
characterized and particle size impact on the thermal proper-
ties of the nanofluids was examined in order to use it as a mod-
ern coolant. Likewise, acoustical parameters of TiO,—water
nanofluid were estimated and explored its impact on thermal
properties of the nanofluids [23]. M. Leena et al. in another
report, blended unadulterated zinc oxide (ZnO), cerium (Ce)
doped ZnO, lanthanum (La) doped ZnO and cerium-lan-
thanum (Ce-La) doped ZnO nanoparticles (NPs) by the wet
chemical technique. Further, they prepared the nanofluids by
dispersing it into the water and blended comprehensively by
the method for ultrasonication process. Likewise, they also
evaluated thermal conductivity of ZnO-water nanofluid by
ultrasonic velocity estimations system [21]. P. B. Kharat et al.
prepared superparamagnetic cobalt ferrite nanoparticles and
utilized it to prepare ferrofluids by dispersing them into eth-
ylene glycol (EG). Likewise in this report, they explained the
detailed thermoacoustic examination of the cobalt ferrite—-EG
nanofluids [24]. Anu K. et al. synthesized water-based magnet-
ite nanofluids of different Zn-doping through co-precipitation
route. Acoustical parameters, for example, adiabatic compress-
ibility, mean free path, acoustic impedance, Rao’s constant and
Wada’s constant are inferred and investigated in this work [25].
M. Nabeel Rashin et al. examined ultrasonic conduct of cobalt
ferrite nanofluids of different concentrations prepared through
co-precipitation strategy [26].

In this light, we have performed the thermoacoustic inves-
tigation of nickel ferrite — water nanofluids by ultrasonic
velocity technique. The nanoparticles of the nickel ferrite
were fabricated by the chemical coprecipitation method. The
structural, morphological, compositional and magnetic anal-
ysis of the prepared nanoparticles was described. Further,
the thermoacoustic properties, such as, Ultrasonic Velocity
(U), Acoustic Impedance (Z), Adiabatic Compressibility (),
Bulk Modulus (K), Ultrasonic Attenuation (o), Relaxation
Time (t), and Intermolecular Free Length (Lf) were assessed
and inspected in the present work.

2 Materials and methods
2.1 Materials

The AR grade raw materials such as Nickel (II) nitrate hexa-
hydrate (Ni (NO;),-:6H,0), Ferric (III) nitrate nonahydrate

(Fe (NO3);-9H,0)), Sodium hydroxide (NaOH), Acetone
(CH;COCHy,), DI water (H,0) and Nitric acid 69% (HNO,),
were purchased from Merck Millipore and used for the syn-
thesis of nickel ferrite nanoparticles as received without any
purification process.

2.2 Synthesis of nickel ferrite nanoparticles
and preparation of nanofluids

For the synthesis of the nickel ferrite magnetic nanopar-
ticles, the nitrates of nickel and ferric are independently
stirred to get a precusor solution in 1:2 stoichiometric
proportion. Both the solutions were combined and stirred
for 1.5 h to get a homogeneous mixture. The pH estima-
tion of the homogeneous mixture was estimated and it was
observed to be 3. The 2 M NaOH pellets were dissolved
in water independently and used to maintain the pH of the
prepared solution. The drop by drop NaOH solution was
included the precusor solution and accomplished the pH
at 9. The pH maintained precusor solution was uniformly
heated at 90 °C for the 2 h until the darker precipitation of
the nickel ferrite was acquired. The prepared dark colored
precipitation was then washed several times with DI water
and 2 M HNOj solution for evacuate impurities presented
in the prepared nickel ferrite precipitate. Additionally, the
precipitate was also washed by utilizing the DI water and
ethanol. The washed precipitate was uniformly dried in a
microwave heater over the night at the 60 °C. The magnetic
nanofluids of nickel ferrite nanoparticles were prepared by
utilizing two-step method by dispersing the acquired nickel
ferrite nanoparticles in the water in different convergences of
(0.2%, 0.4%, 0.6%, 0.8%, and 1% by volume). The prepared
nickel ferrite—water magnetic nanofluids were ultrasoni-
cated for 3 h to decrease the magnetic interaction agglomera-
tion of the nanoparticles in the water as per the expounded
flowchart and procedure of preparation of the nanofluids
given in our past reports [16].

3 Characterizations
3.1 Properties of NiFe,0, nanoparticles

The structural, morphological, compositional and mag-
netic investigation of prepared nickel ferrite nanoparticles
was contemplated by utilizing X-ray beam diffractometer
(XRD), Field Emission Scanning Electron Microscope
(FE-SEM), Energy Dispersive X-Ray Spectroscopy (EDS),
and Vibrating Sample Magnetometer (VSM). X-ray dif-
fractometer (BRUKER D8 Advance) with Cu-Ka radia-
tion (A=1.5418 IOA) in the 20 range from 20° to 80° were
utilized for phase formation and spinel cubic structure
investigation of the NiFe,0, magnetic nanoparticles. The
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room temperature XRD pattern was compared with Joint
Committee on Powder Diffraction Standards (JCPDS) (card
number-10-0325). Using FE-SEM images, the grain size
and morphology of the prepared nanoparticles were deter-
mined. The room temperature magnetic behaviour of the
prepared nanoparticles was studied using VSM. Using VSM
data, the values of saturation magnetization, coercivity and
remenance magnetization were determined. The colloidal
steadiness of nanofluids was examined by the UV-Vis spec-
troscopy technique.

3.2 Thermo-acoustic properties of nanofluids

The thermo-acoustic properties of NiFe,O,—water nanoflu-
ids were studied by utilizing the Ultrasonic Interferometer.
The ultrasonic interferometer is a basic and straight forward
technique which yields precise and steady information, from
which one can decide the velocity of ultrasonic sound in
a fluid medium and magnetic nanofluids with a high level
of exactness (£0.01%). A crystal controlled interferometer
(Model F-05) provided by Mittal Enterprises, New Delhi,
with 2 x 10° Hz operating frequency was utilized to quan-
tify the ultrasonic velocity [27]. A twofold walled round
and hollow estimating cell was utilized to keep up a steady
temperature of the nanofluids specimen during the total
measurements. The estimations of the ultrasonic velocity
(v) depended on precise investigation of the wavelength (1)
in the nanofluids specimen. For the investigations, the ultra-
sonic waves of 2x 10° Hz were delivered by a quartz plate
which is put at the base of the estimating cell. The Ultrasonic
waves were replicated by a compact metal dish held in simi-
lar to the quartz dish. In the event, the separation between
these dishes is decisively kept to capture a whole range of
the sound wavelength. The ultrasonic waves were delivered
from the quartz plate which makes acoustic reverberation in
the nanofluids specimen and gives an electrical yield which
gives most noteworthy anode current of the generator. While
expanding or diminishing the separation precisely to one-
half wavelength (A/2) or multiple in that, makes the anode
current to its most astounding worth.

From the information of wavelength (A) the velocity (v)
and frequency (f) can be gained by the Eq. (1):

V=ixf ey

The estimations of the viscosity, density, specific heat etc
values by assessing thermo-acoustical properties is reported
in our past report [28]. Thermo-acoustical properties viz.
Ultrasonic Velocity (U), Acoustic Impedance (Z), Adi-
abatic Compressibility (f), Bulk Modulus (K), Ultrasonic
Attenuation («), Relaxation Time (t) and Intermolecular
Free Length (Lf) were evaluated and analyzed in the present
work. The steady temperature bath was utilized to settle the
temperature of the specimens. The ultrasonic estimations
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were carried twice and the normal estimations of the aver-
age estimation were recorded for all the thermo-acoustical
estimations.

4 Results and discussion

4.1 Structural, morphological, elemental
and magnetic analysis

The structural examination of the nickel ferrite nanoparti-
cles was investigated by the X-ray beam diffraction. The
observed X-Ray diffractogram confirmed that the prepared
nanoparticles possess the Fd3m0§’ space group and well
nano crystallinity. The X-Ray diffractogram gives clear
proof of the Bragg’s reflection peaks well matching to the
cubic spinel ferrites [29]. In order to detailed structural study
the Rietveld refinement of the XRD data was carried out
with the help of FullProf software and refined x-ray pat-
tern is shown in Fig. 1. The Rietveld [30] refined structural
parameters are recorded in Table 1.

The FE-SEM micrographs of NiFe,O, were appeared in
Fig. 2a, b. The FE-SEM micrographs demonstrate that the
nickel ferrite nanoparticles possess spherical morphology
and homogeneous distribution of the grains. The nanometric
range of average grain size confirmed nano crystallinity of
the prepared nanoparticle. It seems to be grains are agglom-
erated to the some extent which ascribed to the high surface
vitality and magnetic interface between the prepared nano-
particles [31]. Along these lines, a portion of the lengthened
particles are also seen in FE-SEM micrographs.

The compositional spectrum of the prepared nanoparti-
cles is appeared in Fig. 3. The compositional spectrum dem-
onstrates the peaks belonging to the present components in
nickel ferrite nanoparticle. The percentage is appeared in
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Fig. 1 X-ray diffraction pattern of the nickel ferrite nanoparticles
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Table 1 Molecular weight (M,,), Lattice constant (a), crystallite size (D), particle size (D), Specific Surface Area (SSA), X-ray density (p xgp)-
Bulk density (p gy k), Porosity (Pt) of oleic acid coated nickel ferrite nanoparticles

Sample M,, (g/mol) a (A) D (nm) D’ (nm)

SSA (m%/g) pxrp (g/cm?) ppuLk (&/em®) Pt (%)

NiFe,0, 234.38 8.355 10.40 95+2

115.94 5.336 3.633 31.83

Fig.2 a-b FE-SEM micrograph of the nickel ferrite nanoparticles

the inset of the Fig. 3. The compositional spectrum also
reveals the absence of impurities uncovering the purity of
the prepared sample. The acquired atomic proportion of Ni,
Fe, and O coordinate well with that of expected and keeps
up the stoichiometric extent. The small additional peaks also
observed which may be attributed to the Carbon, which is
not detected correctly by EDS analysis that is due to the sub-
strate used while sample preparation for the EDS analysis.
The room temperature recorded M-H curve of the pre-
pared nanoparticles is shown in Fig. 4. From the M-H curve,
the magnetic parameters i.e. saturation magnetization (M),
coercivity (H¢) and remanent magnetization (M,) are esti-
mated and are listed in Table 2. The prepared nanoparticles
possess high saturation magnetization (Mg) and modest

remanent magnetization (M,) with avoidable coercivity (H¢)
value, which demonstrates that the prepared nanoparticle
appears superparamagnetic nature [32].

4.2 Colloidal stability analysis

The colloidal stability of the prepared NiFe,O,—water
nanofluid specimen was evaluated from UV-Vis spectros-
copy. Figure 5 demonstrates UV-Vis absorption spectrum
for NiFe,O,—water nanofluid for 1.0% volume fraction.
The observed UV—Vis absorption spectrum gives the idea
that the most extreme absorption was seen at wavelength
of A=272 nm. Figure 6 shows the Plot of absorbance ver-
sus time recorded at 272 nm for NiFe,O,—water nanofluid
(1.0%). The specimen was scrutinized for 12 days and maxi-
mum absorption was stayed steady till seventh day for the
1.0% volume fraction. This uncovers the present nanofluids
specimen of 1.0% volume portion was steady for seven days
as seen from Fig. 6.

Similar to this, the UV—-Vis absorption range was investi-
gated for the whole Vol. % i.e. (0.2%, 0.4%, 0.6%, 0.8%, and
1%) which is set up in the present investigation. The most
astounding steadiness saw from the absorption range of over
11 days without phase separation was observed for the 0.2%
volume portion. The colloidal stability of the considerable
number of specimens is recorded in the Table 3.

4.3 Thermoacoustic analysis

The thermoacoustic examination enables us to decide dif-
ferent parameters through which various thermophysical
properties of the nanofluids can be an adventurer. The acous-
tic examination can be giving a potential and conservative
option in contrast to the exact assurance of the thermal con-
ductivity of magnetic nanofluids, which has been an impres-
sive test, utilizing the accessible instruments.

4.3.1 Ultrasonic velocity (U)

The temperature relied upon variety in ultrasonic velocity is
plotted and appeared in Fig. 7. It is observed that, the ultra-
sonic velocity of the prepared nanofluid diminishes with the
expansion of nanoparticle content.

The ultrasonic velocity at 20 °C is diminished with expand-
ing volume portion from 1482 m/s (for 0.0 vol%), (—0.47%)
1475 m/s (for 0.2 vol%), (—0.82%) 1463 m/s (for 0.6 vol%)
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Fig.4 M-H hysteresis curve of the nickel ferrite nanoparticles

and (—0.90%) 1450 m/s (for 1.0 vol%) and comparable pat-
tern was observed for all the temperature ranges. Further, the
ultrasonic velocity diminished at 80 °C i.e. 1527 m/s (for 0.0
vol%), 1522 m/s (for 0.2 vol%), 1511 m/s (for 0.6 vol%) and
1501 m/s (for 1.0 vol%). This decline in ultrasonic velocity
with an expansion in nanoparticle concentration is perceived
by the NiFe,O,~water interface, and it further affirms the
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strength of intermolecular associations over the intramolecu-
lar interactions [33]. Also, with the molecule stacking, there
is a probability for diminishing the rate of event of Brownian
movement of the liquid atom, alongside the arrangement for
the resistive surface layer that can induce a decline in ultra-
sonic velocity [34]. Moreover, with an expansion in nanopar-
ticle conc. there is an increment in density which likewise adds
to the decrease in velocity. At the higher temperature range,
the rate of decrement in velocity concerning conc. somewhat
decreases in magnitude [35]. Thus, it demonstrates the most of
the NiFe,O,—water interface over particle—particle collabora-
tion at higher temperatures too.

Figure 7 additionally uncovers the progressions in
ultrasonic velocity concerning the temperature. From the
observed outcomes, it is cleared that the ultrasonic velocity
in the NiFe,O,-water nanofluids increments with expanding
the temperature. The ultrasonic velocity for unadulterated
water i.e. 0.0 vol% were expanded from 1482 m/s (20 °C),
(+3.04%) 1527 m/s (40 °C), (+1.64%) 1552 m/s (60 °C) and
(+0.19%) 1527 m/s (80 °C). For 0.2 Vol. % it expanded from
1475 m/s (20 °C), (+3.12%) 1521 m/s (40 °C), (+1.58%)
1545 m/s (60 °C) and (+0.26%) 1549 m/s (80 °C) and com-
parable pattern were observed for the different temperatures.
At long last, for 1.0 Vol. % was expanded 1450 m/s (20 °C),
(+3.17%) 1496 m/s (40 °C), (+1.60%) 1520 m/s (60 °C) and
(+0.20%) 1523 m/s (80 °C).

Table 2 Saturation magnetization (Mg), Remanence magnetization (My), Coercivity (H.), the effective anisotropy constant (K ), surface anisot-
ropy (Kg), magnetic moment per formula unit (), maximum magnetic diameter (D) of NiFe,O, nanoparticles

Sample Mg (emu/g) My, (emu) Hc (Oe)

K. (10° erg/em?®)

K (1072 erg/em?) it (b) Dy, (nm)

NiFe,0, 81.912 0.084

1.688 1.14

0.78 3.21 8.76
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Fig.6 Plot of absorbance versus time recorded at 272 nm for
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Table 3 Colloidal Stability

L. . . Concentration Colloidal
fohr oleic acid functlonalhlzed (vol. %) stability
NiFe,O ,~water nanofluid (days)

0.2 12
0.4 11
0.6 9
0.8 9
1.0 7

1560 4 Volume Fraction

—— (.0
1545 4 —0—0.2
—— 0.4
15304 —9—06
——(.8

——1.0

1515+

1500 4
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N
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Fig. 7 Temperature-dependent ultrasonic velocity of NiFe204 - water
nanofluids

It appears that the magnetic nanofluids pursue the out-
standing conduct of water demonstrating an expansion in
velocity with an increment in temperature that can be clari-
fied utilizing the open and close-packed structure of water
molecule. Water comprises of hydrogen-reinforced groups
and unbounded water atoms. The particles in the inside
groups are quadrupled fortified and unbounded water atoms
should involve the space between the clusters [36]. These
clusters are now and then alluded to as open structured water
and the dense monomeric liquid is alluded to as closed struc-
tured water. In water, the ascent in temperature causes warm
break of the open packed structure of water, which thus,
improves the attachment of water atoms and less compress-
ible closed structure prompting an expansion in the ultra-
sonic velocity [37].

4.3.2 Acousticimpedance (Z)

The acoustic impedance of the nanofluids as for different
nanoparticles conc. is appeared in Fig. 8. The acoustic
impedance of nanofluid was assessed by the Eq. (2),

Z=pxU 2)
where the Z is the acoustic impedance, p is the thickness and
U is the ultrasonic velocity of the nanofluids.

From the observed outcomes, it tends to be seen that the
acoustic impedance of the nanofluids was expanded with
expanding the nanoparticles conc. In the case of 20 °C the
acoustic impedance were expanded with expanding volume
part from 1478 x 10° Ns/m? (for 0.0 vol%), (0.74%) 1489
X 10° Ns/m? (for 0.2 vol%), 1.21% 1507 x 10° Ns/m’ (for
0.6 vol%) and 1.19%) 1525x 10° Ns/m’ (for 1.0 vol%) and
comparative pattern observed for all the temperature.
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Fig. 8 Temperature-dependent acoustic impedance of NiFe,O,—water
nanofluids

Moreover, the acoustic impedance increments at 80 °C
with expanding volume part from 1510 10* Ns/m?* (for
0.0 vol%), (0.73%) 1521 x 10° Ns/m? (for 0.2 vol%), (1.25%)
1540 % 10 Ns/m? (for 0.6 vol%) and (1.43%) 1562 x 10° Ns/
m? (for 1.0 vol%).

4.3.3 Adiabatic compressibility ()

The adiabatic compressibility of the nanofluids concerning
different nanoparticles conc. is appeared in Fig. 9. Equa-
tion (3) was utilized for the assessment of adiabatic com-
pressibility of the nanofluids,

1
U xp 3)

ﬂ:

where f is the adiabatic compressibility, U is the ultrasonic
speed and p is the thickness of the nanofluids.

The observed outcomes demonstrate that, the adiaba-
tic compressibility of the nanofluids was diminished with
expanding the nanoparticles conc. Further, the adiabatic
compressibility increments in the range of 60 °C to 80 °C
with expanding temperature and diminishing with expand-
ing nanoparticles volume portion. In the case of 20 °C the
adiabatic compressibility were diminishes with expanding
nanoparticles volume division from 4.562x 10~ m%/N
(for 0.0 vol%), (= 0.20%) 4.553 x 10~'% m?*/N (for 0.2
vol%), (—0.38%) 4.535 m/s (for 0.6 vol%) and (—0.40%)
4.517x 1079 m%N (for 1.0 vol%) and comparable pattern
observed for all the temperature up to 60 °C. The decrease
in the adiabatic compressibility with the expanding conc.
uncovers that the particles might be firmly packed and less
ionic repulsion exists between the water molecules. This
additionally demonstrates the bond strength is improved
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Fig. 9 Temperature-dependent adiabatic compressibility of NiFe,O,—
water nanofluids

at higher nanoparticle conc. [38], diminishing up to 60 °C,
4.225x 1071 m?*/N (for 0.0 vol%), (—2.176%) 4.217 x 10~1°
m?/N (for 0.2 vol%), (—2.089%) 4.190 m/s (for 0.6 vol%)
and (—2.296%) 4.170x 107" m?*/N (for 1.0 vol%).

Further, the adiabatic compressibility increments in the
range of 60 °C to 80 °C with expanding temperature and
diminishing with expanding nanoparticles volume portion
from 80 °C, 4.258 X 107'" m*N (for 0.0 vol%), (0.80%)
4.245x 107" m*N (for 0.2 vol%), (0.663%) 4.222 m/s (for
0.6 vol%) and (0.74%) 4.201x 10~ m*N (for 1.0 vol%).
This expansion in the adiabatic compressibility of the
nanofluids may conceivable on the grounds that the rate of
Brownian movement of the liquid particles was expanded
and diminished in the density at 80 °C [39]. The varieties at
different temperatures in the adiabatic compressibility of the
nanofluids were additionally appeared in Fig. 9.

4.3.4 Bulk modulus (K)

The bulk modulus demonstrates the versatile properties of
the nanofluids, which is a decided from the unbending nature
of the nanofluid medium. The bulk modulus of the nanoflu-
ids is the complementary of the adiabatic compressibility of
the nanofluids and evaluated by the Eq. (4),

K=U?xp “)
where K is the mass modulus, U is the ultrasonic speed and
p is the thickness of the nanofluids.

The bulk modulus of the nanofluids as for different nano-
particles conc. is appeared in Fig. 10. From the observed out-
comes, it is revealed that the bulk modulus of the nanofluids
was expanded with expanding the nanoparticles conc. and
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further diminished with expanding temperature in the range
of 60 °C to 80 °C.

4.3.5 Ultrasonic attenuation (a)

The ultrasonic attenuation is the damping of the acoustical
vitality because of the absorption and the dissipating happens,
which is likewise representing to the vitality loss of sound
engendering in the nanofluids [40]. The ultrasonic attenuation
was assessed by the Eq. (5),

872y

aA =
3pU3

x 5)

where a is the ultrasonic lessening, 1 is the consistency, p

is the thickness and U is the ultrasonic speed of the nano-
fluids. The ultrasonic attenuation of the nanofluids as for
different nanoparticles conc. is appeared in Fig. 11. From
the observed outcomes, it very well may be seen that the
ultrasonic attenuation of the nanofluids was expanded with
expanding the nanoparticles conc.

4.3.6 Relaxation time (1)

In violent stream, the prevailing slip instrument is resolved
from accepting an inertial trip of the nanoparticle following a
sudden stop of the eddy conveying the particle [41].

The relaxation time of the Brownian movement of nanopar-
ticles in the nanofluids was assessed by the Eq. (6),
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Fig. 10 Temperature-dependent bulk modulus of NiFe,O,/water
nanofluids
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Fig. 11 Temperature-dependent ultrasonic attenuation of NiFe,O,/
water nanofluids

where 7 is the unwinding time, f is the adiabatic compress-
ibility, and 1) is the viscosity of the nanofluids.

The relaxation time of the nanofluids concerning dif-
ferent nanoparticles conc. is appeared in Fig. 12. From the
observed outcomes, it tends to be seen that the relaxation
time of the nanofluids was expanded with expanding the
nanoparticles concentration.

The long relaxation time of the Brownian movement of
nanoparticles extensively influences to enhance the heat
transporting properties of nanofluids [42]. The relaxation
time (t) can likewise been utilized to gauge the successful
heat conductivity of nanofluids.

4.3.7 Intermolecular free length (L)

The intermolecular free length of the nanofluids regarding
different nanoparticles conc. is appeared in Fig. 13. From
the observed outcomes, it tends to be seen that the inter-
molecular free length of the nanofluids was diminished
with expanding the nanoparticles conc. Moreover, Fig. 13
likewise demonstrates the impact of temperature on the
NiFe,O —water nanofluids and it is diminished with expand-
ing temperature in the range of 20 °C to 40 °C. Forward with
40 °C it was again expanding with expanding temperature
up to 80 °C.

The intermolecular free lengths were assessed by the
Eq. (7),

Ky x B
2

L= ™

where L; is the intermolecular free length, K is the Jacob-
son steady Temperature depended values are utilized are
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length  of

given in the Table 4, and f is the adiabatic compressibility
of the nanofluids.

In the comprehension of larger forces of interface
between NiFe,O, nanoparticles and water molecules shaping
hydrogen holding, there will be a decline in free length in the

water [43]. Free volume is clarified as the normal volume in
which the focal particle can move inside the hypothetically
determined cell uninhibitedly without accepting misrepre-
sented by the aversion of the encompassing [37].

5 Conclusions

The present work demonstrated the thermoacoustic behav-
iour of the water based nanofluids of nickel ferrite nano-
particles. The nickel ferrite (NiFe,O,) nanoparticles were
successfully synthesized by the chemical coprecipitation
route. The major conclusions drawn from the results and
discussion are as follows:

¢ Rietveld refined XRD patterns confirmed the monophasic
and nanocrystalline behaviour of the prepared nickel fer-
rite nanoparticles.

e FE-SEM images revealed the spherical morphology and
nanocrystallinity of the prepared nickel ferrite nanopar-
ticles.

e Compositional spectrum confirmed the desired stoichio-
metric proportion with fine purity of the prepared nickel
ferrite nanoparticles.

e Magnetic behaviour revealed the superparamagnetism in
the prepared nickel ferrite nanoparticles.

e Colloidal stability of the prepared nickel ferrite—water
nanofluids revealed the stability over 11 days without
separation in phase.

e Thermoacoustic investigations gave the potential and
inexpensive choice as contrasted with other ordinary
techniques, for example, DLS, Particle estimate analyzer,
thermal conductivity estimation systems etc to measure
the exact thermophysical properties. It likewise illustrates
particle—particle and fluid-particle interface of the pre-
pared nanofluids.

Table 4 Jacobson constant (Ky) values over the temperature range 20 °C to 80 °C

Temperature °C 20 25 30 35 40

45 50 55 60 65 70 75

Kr=Jacobson constant ~ 2.038 2.056  2.075 2.094

2.110

2.131 2.150 2.169 2.187 2.206 2.225 2.243
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