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Abstract
Ultrasonic propagation through nanofluids has now become a subject of great interest. It is a typical technique to examine the structure
formation in nanofluid. Speed of sound can be considered to evaluate acoustical parameters and hence, to investigate physico-chemical
properties of nanofluid. Investigation of these physico-chemical properties enables to understand the nature and strength  of  particle-
particle  and  particle-fluid  interactions.  Zinc  oxide  nanoparticles are synthesized by co-precipitation method, while ZnO-ethylene glycol
nanofluids are prepared with the aid of sonication. Characterization of synthesized nanoparticles are carried out by XRD, FTIR, UV-visible,
TEM, SEM and EDX spectroscopic techniques. Speed of sound, density and viscosity values are measured for different concentrations of
ZnO nanofluids at 298.15, 303.15 and 308.15 K. Different acoustical parameters, such as adiabatic compressibility ($ad), intermolecular free
length (Lf),  relaxation time (τ),  absorption coefficient (α/f2),  acoustic impedance (Z), Gibb’s free energy ()G) and free volume (Vf) are
evaluated from the experimental data. Variation in these acoustical parameters  helps  to   know  the  mechanism  of  cluster formation
and or interaction between particles in the ZnO nanofluids.  It is found that particle-fluid interaction increases up to a critical concentration
of 0.6 wt% beyond, which there is predominance of particle-particle interaction.
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INTRODUCTION

Nanofluids represent the technology of heat transfer
fluids, where  the heat transfer properties of conventional base
fluids are improved by the addition of nanoparticles to form
stable dispersions. Nanofluids are colloids engineered by
dispersing solid nanoparticles in base liquids such as water,
glycols, lubricants and light oils1. These represent two-phase
systems, in which one phase i.e., solid phase is present in
another phase i.e., liquid phase. In 1995, Choi, a scientist of
Argonne Laboratory (USA) proposed the concept of
nanofluid2. Nanofluids can be synthesized by simultaneously
synthesizing the nanoparticles and dispersing the particles
directly into the base fluid, which is single step technique. This
method leads to the preparation of stable nanofluid as the
method does not involve processes, such as drying, storage,
transportation and dispersion of nanoparticles. This results in
minimization of agglomeration of nanoparticles and
enhancement of stability of fluids3. Single step methods
involve  methods  like  direct   evaporation  technique,
submerged arc nanosynthesis, the polyol method and the
microwave method4-6. However, only low vapor pressure fluids
can be used in single step method. Moreover, the process is
costlier  and  has  disadvantages  of  small scale production
and residual reactant in the base fluid. On the other hand,
two-step technique is used method for preparing nanofluids.
Nanoparticles are initially synthesized as a dry powder by
chemical or physical techniques and are then dispersed into
the base fluid. However, agglomeration of nanoparticles
makes the nanofluid unstable. So, maintaining stability of
nanofluids is a big challenge. In general, stability of suspension
can  be  obtained  by  using  surface  activators  and/or
dispersants,  changing  the   pH  value  of suspension and
using  ultrasonic  vibration7.  In  order  to   prepare  stable
nano-suspension, ultrasonication is an accepted technique
used to disperse aggregated nanoparticles8. 
Nanofluids are found to have high conduction of heat

than base fluid4,9-11. Since heat transfer takes place on the
surface of the base fluid, more surface area of nanoparticles
compared to their volume, Brownian motion and interparticle
forces causes enhancement in thermal conductivity of
nanofluids12-18. Study of nanofluids are fundamental for
different types of heat transfer management systems.
Therefore, it is important to examine the movement of
nanoparticles in nanofluids. Ultrasonic propagation in a
nanofluid is a typical way to investigate the structure
formation without any prior modifications of the sample.
Speed of sound can be measured to determine acoustical
parameters and hence, to study physico-chemical   properties

of nanofluid. Study of these physico-chemical properties helps
in understanding the nature and strength of molecular
interactions. These intra and inter molecular interactions in a
liquid system is very important to have an idea about the
interacting properties of the molecules. Several studies have
been performed to investigate the properties of ultrasonic
propagation in nanofluid prepared in polar or non-polar base
fluids19-30. 
In the present study, variation in speed of sound as a

function of concentration of nanoparticles for different
temperature of  ZnO nanofluids prepared in ethylene glycol
are reported. Using the results of speed of sound, density and
viscosity measurement and various acoustical parameters
were derived to understand the effect of concentration and
temperature. This helps to realize the mechanism of cluster
formation and or interaction between particles in the ZnO
nanofluids. The ZnO nanofluids are prepared using two-step
method with ethylene glycol as base fluid. Ethylene glycol is
used as solvents, carriers, lubricants, binders, bases and
coupling agents and also for extraction, separation and
purification of materials in industrial fields31. The ZnO
nanoparticles have received much interest due to their
promising properties that makes it applicable in many devices,
such as solar cells, electroluminescent devices, electrochromic
windows and chemical sensors32. Moreover, ZnO nanoparticles
display a high extent of cancer cell selectivity33. The ZnO
nanoparticles also have antimicrobial, UV blocking, high
catalytic and photochemical activities34. Hence, ultrasonic
wave technique is used to study the effect of particle
concentration and temperature on the speed of sound in ZnO
nano-suspensions in Ethylene Glycol (EG). The acoustical
parameters calculated are used to analyze the interactions
present in the nanofluid system and the results are discussed. 

MATERIALS AND METHODS

Synthesis: The precursors used in the synthesis of ZnO
nanoparticles are zinc acetate [Zn(CH3COO)2.2H2O] and
sodium hydroxide. A 0.5 M aqueous solution of zinc acetate
was kept under constant stirring using magnetic stirrer at 80EC
to completely dissolve for 1 h. After complete dissolution of
zinc acetate, 2.5 M NaOH aqueous solution was added under
high speed constant stirring drop by drop (slowly for 45 min)
touching the walls of the vessel till the pH reaches to 12. The
reaction between zinc acetate and sodium hydroxide solution
is as follows:

Zn (CH3COO)2+2 NaOH -------------> Zn (OH)2+2 NaNO3

Zn (OH)2 --------------> ZnO+H2O
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The reaction was allowed to proceed for 2 h after
complete addition of sodium hydroxide. After the completion
of reaction, the solution was allowed to settle for overnight
and further, the supernatant solution was separated carefully.
The remaining solution was centrifuged for 10 min and the
precipitate was removed. Thus, precipitated ZnO NPs were
washed three times with triply distilled water and ethanol to
remove the byproducts, which were bound with the
precipitate and then dried in oven at about 60NC. The white
powder obtained is subjected to calcinations at 600EC for 3 h.
Zinc oxide nanofluids of different concentrations (0.2, 0.4,

0.6, 0.8 and 1% by weight) were prepared by dispersing a
specified amount  of zinc  oxide  nanoparticles  in ethylene
glycol followed by sonication. A special thermostatic water
bath instrument was used for speed of sound, density and
viscosity measurements. Multi frequency ultrasonic
interferometer (Model F81, Mittal Enterprises, New Delhi) was
used to measure speed of sound of ultrasonic waves through
the nanofluid samples with an accuracy of ±0.05% at
frequency of 6 MHz. Density of the fluid was determined using
specific gravity bottle (5 cc) with accuracy of ±2 parts in 104.
Viscosity of the fluid was measured by Ostwald viscometer.
The accuracy  of  viscosity in this method is ±0.001 N sec mG2.
All these measurements were performed for fluids of all
concentrations at  three   different  temperatures  of  298.15, 
303.15  and  308.15  K.  The  speed of sound, density and
viscosity measurements were repeated several times for
accuracy and the average of the continuous consistent values
are reported in this study.

Characterization: The crystalline structure, phase composition
and crystallite size of ZnO were identified from XRD patterns
obtained using Cu K" radiation (λ = 1.541 Å) for 22 value
ranging from 10-100E in x-ray diffractometer (Bruker AXS D8
Advance). Fourier transform infrared spectra of zinc oxide
nanoparticles were recorded using Model RZX (PerkinElmer)
spectro   photometer   with   KBr   pellet   technique  from
4000-400 cmG1. The UV-visible absorption spectrum was
recorded using Lambda  750  PerkinElmer UV-VIS-NIR
spectrophotometer for optical characterization. The size and
morphology of nanoparticle is found using transmission
electron  microscope  (Hitachi (H-7500) microscope) operating
at 80 kV. Powder sample for TEM measurements is suspended
in  ethanol  and  ultrasonically  dispersed.  Drops  of  the
suspensions are placed on a copper grid coated with carbon.
The morphology of the particles are observed by a scanning
electron microscope (SEM-EDS) using SEM make JEOL Model
JSM-6390LV and EDS make JEOL Model JED-2300 with an
accelerating voltage of 20 kV.

RESULTS AND DISCUSSION

Structural studies: Figure 1  shows  the  XRD  pattern of
prepared ZnO NPs that clearly exhibits the crystalline nature
of this material. The peaks at scattering angles 22 = 31.9, 34.7
36.5, 47.8, 56.8, 63.1, 66.6, 68.1 and 69.3E corresponds to (100),
(002), (101), (102), (110), (103), (200), (112) and (201) crystal
plane, respectively. The peaks of the obtained product are
corresponding to the hexagonal phase (wurtzite structure) of
zinc oxide reported in standard JCPDS card No. 36-145135  with
lattice constants a = b = 3.22 Å, c = 5.24 Å. The crystallite size
has been estimated from the XRD pattern using the Scherrer’s
Eq. 136: 

(1)
K

D
Cos



 

where, K is a constant (0.9), λ is the x-ray wavelength used in
XRD  (0.154  nm),  2  is  the  bragg  angle and $ is the FWHM
(Full width at half maximum intensity), that is broadening due
to the crystallite dimensions. The average crystallite size of
ZnO NPs was found to be around 32.68 nm. Figure 2 shows
the FTIR spectra of ZnO nanoparticles. A broad absorption
band was observed between 550 and 465 cmG1 with shoulder
shape. This broad band is characteristic of hexagonal ZnO
phase37. There  were   several   small   absorption  bands at
~3438, ~2342 and ~1624 cmG1. These absorption bands were
likely related to H2O (O-H) and CO2 (C-O) absorbed from the
atmosphere (air) and can therefore be neglected.
Figure 3a  shows  the  absorption  spectrum of ZnO

sample  calcined  at  a  temperature  of 600EC. A typical
exciton absorption at ~380 nm is observed in the absorption
spectrum, which can be assigned to the intrinsic band-gap
absorption of ZnO due to the electron transitions from the
valence band to the conduction band (O2p6Zn3d)38-40. The
absorption peak for 5-6 nm ZnO nanoparticles has been found
to be between 360 and 365 nm32,41. The variation in absorption
peak is due to variation in particle size. In order to calculate
the optical band gap of sample by using Tauc’s relation in the
following Eq. 242: 

(Ahν)n = B (hν-Eg) (2)

where, hν is photon energy, A is absorption coefficient, B is a
material constant and n is either 2 for a direct band gap
material or ½ for an indirect band gap materials. Figure 3b
shows the variation of (Ahν)2 versus photon energy,  hν for
ZnO nanoparticles. Extrapolating the linear portion of the
curve  to  absorption   equal   to   zero   gives   the value of the
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Fig. 1: XRD patterns showing peaks corresponding to hexagonal phase (wurtzite structure) of ZnO nanoparticles, XRD: X-ray
powder diffraction

Fig. 2: A broad  absorption   band between 550 and 465 cmG1 in FTIR spectra corresponds to stretching vibration of ZnO bond,
FTIR: Fourier transform infrared spectroscopy
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Fig. 3(a-b): Plots of (a) Absorption band at ~380 nm in UV-VIS spectra of nano ZnO can be attributed to the electron transitions
from the valence band of oxygen to the conduction band of Zn  and (b) (Ah<)2 versus h< for nano ZnO synthesized
by calcining at 600EC. Extrapolation of the plot shows band gap equal to 3.47 eV, which is greater than band gap of
bulk ZnO43

direct band gap to be 3.47 eV. This value is higher than that of
3.3 eV reported in the literature43. Band gap energy increases
with decreasing particle size due to quantum size effects44.

Figure 4 reveals the TEM image of  ZnO nanoparticles. This
image reveals that the product consist of approximate

spherical particles with the average size of 28-43 nm, which is
in close agreement with that estimated by Scherrer equation
based on the XRD pattern. It can be observed that ZnO
nanoparticles mainly present granules with approximate
spherical shape and are well crystallized40. Figure 5 shows the
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Fig. 4: TEM micrograph of nano ZnO showing approximate spherical shape of ZnO nanoparticles with average size lying between
28 and 43 nm, TEM: Transmission electron microscopy

Fig. 5: Aggregations of spherically shaped ZnO nanoparticles seen in SEM micrograph analysis, SEM: Scanning electron
microscopy
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Fig. 6: EDX  spectra  shows  the  peaks  corresponding  to  the  presence  of Zn and O elements in the prepared sample of ZnO,
EDX: Energy-dispersive x-ray spectroscopy

Table 1: Speed of sound and density of ZnO nanofluids at 298.15, 303.15 and 308.15 K
U×10G3  (m secG1) D×10G3 (kg mG3)
------------------------------------------------------------------------ ---------------------------------------------------------------------

Concentration (wt%) 298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K
0 1.6548 1.6416 1.6236 1.1098 1.1063 1.1028
0.2 1.6644 1.6500 1.6320 1.1080 1.1049 1.1005
0.4 1.6752 1.6596 1.6404 1.1095 1.1071 1.1029
0.6 1.6920 1.6740 1.6512 1.1124 1.1097 1.1058
0.8 1.6776 1.6656 1.6416 1.1147 1.1123 1.1087
1 1.6716 1.6572 1.6308 1.1180 1.1151 1.1108

SEM micrograph of the ZnO nanoparticles at 5,000x
magnification. The SEM micrograph indicates a homogeneous
shape and size for ZnO nanoparticles and aggregations of
chemically synthesized nanoparticles. The EDX spectrum of
ZnO NPs is given in Fig. 6. The EDX spectra result shows that
there are no other elemental impurities present in the
prepared ZnO NPs. 

Ultrasonic studies: Various acoustical parameters45 like
adiabatic compressibility ($ad), intermolecular free length (Lf),
relaxation time (τ), absorption coefficient (α/f2), acoustic
impedance (Z), Gibb’s free energy ()G) and free volume (Vf)
have been evaluated using speed of sound (U), density (ρ) and
viscosity (η) data for ZnO nanofluids.
The speed of sound of ultrasonic waves in the liquid can

be calculated by the Eq. 3: 

U = λxf  m secG1 (3)

where, f is the frequency of the generator and λ is the
wavelength of ultrasonic waves in the liquid. 
Speed of sound measured for pure ethylene glycol and

prepared ZnO nanofluids at three different temperatures and
different concentration is presented in Table 1. It is evident
that the speed of sound in ZnO nanofluid increases to a
maximum value upto 0.6 wt% beyond, which it starts
decreasing at all the temperatures, the value being higher at
298.15 K and lower at 308.15 K. This increase in speed of
sound upto 0.6 wt% may be due to small size and more
surface area of nanoparticles resulting in increased adsorption
of nanoparticles on the surface of ethylene glycol molecules.
This increased adsorption may cause strong interaction
between particles and fluid molecules46 in naofluid matrix and

45
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Table 2:  Viscosity and adiabatic compressibility of ZnO nanofluids at 298.15, 303.15 and 308.15 K
η×103 (N sec mG2) $ad×1010  (NG1 m2)
------------------------------------------------------------------------------ --------------------------------------------------------------------------

Concentration (wt%) 298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K
0 17.2500* 13.8600* 11.6400* 3.2905 3.3542 3.4399
0.2 16.1369 12.9812 10.9764 3.2580 3.3244 3.4117
0.4 15.8206 12.7610 10.8370 3.2117 3.2795 3.3695
0.6 15.3903 12.5117 10.6188 3.1401 3.2158 3.3168
0.8 15.7805 12.9024 10.8919 3.1876 3.2407 3.3470
1 16.4114 13.3409 11.1801 3.2011 3.2654 3.3850
*Denotes literature value64

Table 3: Intermolecular free length and relaxation time of ZnO nanofluids at 298.15, 303.15 and 308.15 K
Lf×1011 (m) τ×1012 (sec)
------------------------------------------------------------------------ -----------------------------------------------------------------------

Concentration (wt%) 298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K
0 3.7310 3.8014 3.8843 7.5682 6.1986 5.3387
0.2 3.7125 3.7844 3.8683 7.0098 5.7539 4.9931
0.4 3.6861 3.7588 3.8443 6.7749 5.5799 4.8687
0.6 3.6447 3.7221 3.8142 6.4435 5.3646 4.6961
0.8 3.6722 3.7365 3.8315 6.7069 5.5750 4.8606
1 3.6799 3.7507 3.8532 7.0045 5.8085 5.0460

hence, speed of sound increases upto 0.6 wt%. Further, as the
concentration of nanoparticle increased, there is increase in
the random motion of nanoparticles. When the ultrasonic
wave propagates in nanofluid, Brownian motion stops the
fluid molecules in nanofluid matrix and hence, speed of sound
decreases beyond 0.6 wt% of ZnO nanoparticle loading. This
indicates that decrease in the nanoparticle-fluid interaction
and  particle-particle   interaction   prevalence   leads  to
decrease  in  speed  of  sound  value. Further, increase in
temperature causes more rapid movements of suspended
particles in the dispersion, which results in increase in
adiabatic compressibility (Table 2) and hence decreases in
speed of sound (Table 1). So, this reveals that there is decrease
in particle-fluid interaction at high temperatures. Also, a
uniform decrease in density values with increase in
temperature are observed (Table 1), which is again indicating
the weakening of particle-fluid interactions due to thermal
disturbance of the molecules at high temperatures.
An initial decrease in viscosity is observed upto critical

concentration, 0.6 wt% (Table 2). As ZnO nanoparticles are
added to ethylene glycol fluid, interaction between
nanoparticles and ethylene glycol molecules on nanoparticle’s
surfaces may disturb the hydrogen bonding network of
ethylene glycol molecules. These small perturbations in
hydrogen bonding between ethylene glycol molecules47,48

may result in viscosity reduction49. As more nanoparticles are
loaded, more nanoparticle-ethylene glycol molecules
interaction leads to enhancement of perturbations to the
hydrogen bonding network of ethylene glycol and hence,
viscosity decreases in the range of 0-0.6 wt%. However,
beyond  0.6   wt%    nanoparticle   concentration   increase  in

viscosity may be due to increased viscous dissipation due to
addition of ZnO  nanoparticles. Further, a decrease in viscosity
is observed with increase in temperature, which indicates
weakening of intermolecular forces (Table 2). Increased
thermal energy of the system at high temperature may results
in thermal agitation of the molecules and hence, decreases in
viscosity values. A decrease in viscosity of liquids at high
temperatures are observed due to decrease in the extent of
intermolecular attractive forces such as hydrogen bonds50.
Reduction in intermolecular forces of attraction at higher
temperatures causes an increase in volume and hence,
decreases in density and viscosity51.
Adiabatic compressibility is calculated by using the

Newton-laplace’s Eq. 452,53:

(4)1 2
ad 2

1
(N¯ m )

U
 



where, U is speed of sound and ρ is density of nanofluid.
Intermolecular free length is determined using the

following Eq. 5 given by Jacobson54:

(5)1
2

f T adL K (m) 

where, KT is Jacobson’s constant. This constant is a
temperature   dependent    parameter,    whose    value  at
298.15, 303.15 and 308.15 K  is 2.0568×10G6, 2.0756×10G6

and 2.0943×10G6, respectively.
Adiabatic compressibility and intermolecular free length

initially  decreases  upto 0.6 wt% and afterwards increases
with  increase  in  further  nanoparticle loading (Table 2 and 3,

46
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Table 4: Absorption coefficient and acoustic impedance of ZnO nanofluids at 298.15, 303.15 and 308.15 K
"/f2×1014 (sec2 mG1) Z×10G6 (N sec mG3)
-------------------------------------------------------------------------- ----------------------------------------------------------------------

Concentration (wt%) 298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K
0 9.0185 7.4459 6.4840 1.8365 1.8161 1.7905
0.2 8.3049 6.8765 6.0331 1.8442 1.8231 1.7960
0.4 7.9749 6.6300 5.8526 1.8586 1.8373 1.8092
0.6 7.5095 6.3194 5.6083 1.8822 1.8576 1.8259
0.8 7.8836 6.6003 5.8387 1.8700 1.8527 1.8200
1 8.2629 6.9115 6.1015 1.8689 1.8479 1.8115

Table 5: Gibb’s free energy and free volume of ZnO nanofluids at 298.15, 303.15 and 308.15 K
 G×1021 (J molG1) Vf×109 (m3 molG1)
------------------------------------------------------------------------------ ------------------------------------------------------------------------

Concentration (wt%) 298.15 K 303.15 K 308.15 K 298.15 K 303.15 K 308.15 K
0 15.8437 15.3437 15.0312 1.6409 2.2512 2.8770
0.2 15.5283 15.0322 14.7465 1.8307 2.5045 3.1685
0.4 15.3881 14.9037 14.6392 1.9055 2.5937 3.2569
0.6 15.1817 14.7391 14.4857 2.0175 2.7085 3.3936
0.8 15.3465 14.9000 14.6322 1.9198 2.5689 3.2408
1 15.5252 15.0717 14.7914 1.8018 2.4267 3.0879

respectively). Decrease in adiabatic compressibility and
intermolecular free length upto critical concentration shows
a significant particle-fluid interaction55. It has previously been
reported that adiabatic compressibility and intermolecular
free length shows an contradictory behavior in comparison to
speed of sound56,57. Further it can be seen that both adiabatic
compressibility   as   well   as   intermolecular   free  length
increases with temperature  (Table 2 and 3, respectively). As
temperature rises, thermal energy of the system increases,
which leads to more spacing between the molecules. This may
results in expansion of volume and hence, a consequent
increase in adiabatic compressibility and intermolecular free
length58,59. Relaxation time can be calculated from the Eq. 660:

(6)4
(sec)

3
    
 

An initial decrease in relaxation time upto critical
concentration is observed (Table 3). This may be due to
structural relaxation process61 and hence, may lead to the
rearrangement of molecules due to co-operative process62.
Further relaxation time decreases with increase in
temperature (Table 3). With rise in temperature, thermal
energy of the system increases causing an increase in
excitation energy and hence, fall in values of relaxation time
at higher temperature63.
Absorption coefficient can be calculated using the Eq. 7:

(7)2 2 1
2

4 (sec m¯ )
f 2U

     
 

A decrease in absorption coefficient below critical
concentration   can    be    seen    beyond,     which   absorption

coefficient increases  (Table 4). Such decreasing trends further
support the probability of strong particle-fluid interaction
upto critical concentration25. However, beyond 0.6 wt%,
increase in absorption coefficient indicates weak interactions
between particles and base fluid molecules. Further increase
in temperature results in decrease in absorption coefficient
values (Table 4). Similar trends of absorption coefficient were
reported earlier63,65. 
Acoustic impedance is calculted from Eq. 866:

Z = Uxρ  (N sec mG3) (8)

It is observed that acoustic impedance increases with
increase in concentration of particles upto critical
concentration and then it decreases with further nanoparticle
loading (Table 4). So, variation of acoustic impedance goes
parallel as that of speed of sound56. Such type of variations of
acoustic impedance with concentration indicates significant
interaction between the particle and base fluid molecules
upto 0.6 wt% beyond, which particle-particle interaction
predominates causing decrease in acoustic impedance.
Further increase in temperature leads to reduction in acoustic
impedance values (Table 4),  which may be due to weakening
of particle-fluid interactions at high temperatures.
Gibb's free energy is calculated from relaxation time (τ) as

follows Eq. 9:

(9)1T
G T ln (J mol¯ )

h

      
 

Gibb’s free energy initially decreases upto critical
concentration and afterwards increases with increase in
concentration    (Table    5).   So,   Gibb’s   free   energy  shows
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comparable  behavior to that of relaxation time. Further 
Gibb’s  free  energy  decreases  as temperature increases
(Table 5). Increase in temperature causes an increase in kinetic
energy of the molecules, which may delays the process of
reorganization of molecules and hence, results in reduction in
Gibb’s free energy.
Free volume is calculated by following  Eq. 10  obtained

on the basis of dimension analysis67:

(10)3 1eff
i

M U
v (m mol¯ )

K

 
   

where, Meff is the effective molecular weight, which is
expressed as Meff = E M = mixi, where, x and m are the mole
fraction and molecular weight of the individual component in
the mixture, respectively. The K is the temperature
independent constant and its value is 4.28×109.

It  can  be  seen that free volume first increase and after
0.6 wt% it decreases (Table 5). Increase in free volume with
concentration indicates the interactions through hydrogen
bonding65 and shows the increasing extent of ZnO-ethylene
glycol   molecules    interaction.    However,   decrease  of
particle-fluid interaction after 0.6 wt%, causes free volume to
decrease. Further as the temperature is increased, increase in
free volume is observed (Table 5). This may be due to
increased chaos in the system because of increase in mobility
of the molecules68. Similar trends were reported earlier69.

CONCLUSION

Speed of sound, density and viscosity has been measured
for different concentrations in ZnO-ethylene glycol nanofluid
at temperatures 298.15, 303.15 and 308.15 K. Using the
experimental data, various acoustical parameters were
evaluated and particle-particle and particle-fluid interactions
were analyzed. Speed of sound increases with increase in
concentration up to a critical concentration of 0.6 wt% due to
increase in particle-fluid interaction but beyond this critical
concentration, there is strong particle-particle interaction and
weaker particle-fluid interaction. Further, particle-fluid
interaction decreases at higher temperatures leading to
decrease in values of speed of sound. So, the analysis of
variation of all the evaluated acoustical parameters shows that
interaction between ZnO nanoparticles becomes predominant
after 0.6 wt% due to agglomeration. Significant interaction
between ZnO nanoparticles and ethylene glycol molecules
favors an increase in speed of sound. Such particle-fluid
interaction studies are supportive to answer the significant
enhancements in physical properties of nanofluids and also to

realize the mechanism of fluid flow in nanoscale. So it may be
concluded that the concentration of ZnO-ethylene glycol
nanofluid upto 0.6 wt%, in which nanoparticle-fluid
interaction is significant and highly suitable for their
applicability.
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