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Abstract

Present article focusses on the thermal and rheological characteristics of ethylene glycol-water mixture (volume =60/40)
based boron nitride (h-BN) nanofluids measured at different volume concentrations (0.5-2 vol% h-BN) between tempera-
tures 30-60 °C. X-ray diffraction and TEM analysis have confirmed the hexagonal structure of h-BN nanoparticles and the
size range of the nanoparticles is within 90-170 nm. To optimize the ultrasonication time, the thermal conductivity of
h-BN nanofluids has been monitored after each 30 min of sonication until a maximum thermal conductivity increase is
achieved. The thermal conductivity of h-BN nanofluids shows an increasing trend with respect to particle concentration.
Also, the thermal conductivity enhancement exhibits a temperature independent nature. The viscosity studies carried
out over a shear rate of 0.612-122 s™' revealed an increasing trend with the increasing concentration of h-BN loading.
For all the volume concentrations, at lower shear rates, the viscosity initially decreased, displaying a non-Newtonian
nature, and with a further increase in shear rate, the viscosity stays constant exhibiting a Newtonian nature. Based on
the experimental outcomes, a correlation is introduced. The correlation showed a strong agreement with the current
results, with an R? value of 0.99.
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1 Introduction [5], kerosene [6], etc. It is found that throughout cold areas,

such as Antarctica, the United States of America, Canada,

Nanofluids are an alternative to the already available con-
ventional heat transfer fluids viz., ethylene glycol, water,
etc. Nanoparticles dispersed in heat transfer fluids (nano-
fluids) have dramatically improved its thermo-physical
properties relative to conventional fluids. Therefore, these
nanofluids find their application in different heat transfer
sectors, industrial units, and microelectronics. Over the
decades, numerous works on the thermo-physical prop-
erties of different nanofluids viz., Al,O; [1], Cu [2], MWCNT
[3], etc., have come up. Researchers have also attempted
to study with different base fluids like oils [4], lubricants

and other subarctic countries, large quantities of energy
are spent on heating residential and industrial buildings
as the air temperature can routinely exceed —40 °C dur-
ing the winter. In this manner, it is a typical practice to
utilize propylene glycol or ethylene glycol combined with
water in varying amounts as a heat transfer fluid to bring
down the freezing point of water. The heat transfer prop-
erties of coolants like these can be further enhanced by
dispersing suitable nanoparticles, viz., nanofluids. Hamid
et al. [7] worked with nanofluids having varying mixture
ratios (20:80, 40:60, 50:50, 60:40, and 80:20 (W/EG)) of
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TiO,-SiO, for 1 vol% and studied their thermo-physical
properties. Their results suggested good heat transfer
properties for 40:60 and 80:20 (W/EG) based TiO,-SiO,
nanofluids. Guo et al. [8] prepared various mixture ratios
(0-100%) of ethylene glycol-water based SiO, nanoflu-
ids. Their results concluded that the percentage of ethyl-
ene glycol content shows a great effect on the thermal
conductivity (TC) of SiO, nanofluids. Namburu et al. [9]
studied the rheological properties of CuO nanoparticles
suspended in the EG/W (40/60) mixture. They observed an
increment in the viscosity with an increase in the particle
concentration and decrement with a rise in temperature
in the range of 35-50 °C. The TC of Fe;0, nanofluid with
ethylene glycol-water mixture of three different volumet-
ric ratios (20:80, 40:60, and 60:40) was studied by Sundar
et al. [10]. At 60 °C, a TC enhancement of 46% for a 2%
volume fraction was observed for 20:80 EG/W based nano-
fluid. They have also proposed a correlation that estimates
the TC of Fe;0, nanofluid for all the three ratios of EG/W
mixture. Ramachandran et al. [11] measured the thermo-
physical properties of nano-cellulose nanofluids having
EG/W (60/40) as the base fluid. The nanofluid showed a
maximum TC increment of 9.05% over the base fluid for
1.3 vol% nano-cellulose. The viscosity also showed an
increment with increasing particle concentration and the
maximum increment in the viscosity was observed to be
4.16% for 1.3 vol% nano-cellulose. Yiamsawas et al. [12]
also investigated the viscosity of EG/W (80/20) based Al,O,
and TiO, nanofluid. Eshgarf et al. [13] showed that SiO,/
CNT- EG/W hybrid nanofluids displayed a non-Newtonian
nature even though the base fluids showed a Newto-
nian nature. Bahrami et al. [14] also commented on the
nature of Fe-CuO EG/W hybrid nanofluid. They observed
that as the nanoparticle concentration increased in the
nanofluid, the fluid behavior changed from Newtonian to
non-Newtonian.

Boron nitride (BN) is a ceramic material with remark-
able properties like wide bandgap, superb mechanical
properties, and marked chemical inertness. BN is known
to exist in different crystal forms. The most stable form
is the hexagonal BN (h-BN), having a layered structure
similar to graphite. Moreover, its main highlight is its
insulating property, unlike graphite, with very high
TC (~600 W-m~" K™"). Very few literatures is available
on the thermo-physical properties of h-BN nanofluids.
Aqueous boron nitride (h-BN) nanofluids were studied
by Han et al. [15]. For 0.1 vol% h-BN, the results showed
a TC enhancement of 55% with good stability. Ilhan
et al. [16] also analyzed the heat transfer properties of
h-BN-water nanofluids. Michael et al. [17] measured the
thermo-physical properties of h-BN nanofluids having
EG and EG/W (40/60) mixture ratio as the base fluid. A
TC enhancement as high as 15.5% with EG as the base
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fluid and 12.5% with EG/W (40/60) as the base fluid for
3 vol% of h-BN was reported. The present manuscript
also conducts thermo-physical studies on h-BN nano-
fluid but with EG/W 60/40 being used as the base fluid.
Although the experimental methodology remains the
same as previous work, the TC and viscosity results
reveals the importance of the effect of base fluid in pre-
sent manuscript. Also, EG and EG/W (40/60) mixture are
not suitable for extreme cold environment conditions
(<=34.4°C) due toits high freezing point. So, it is highly
required to prepare a nanofluid by selectively choosing
suitable base fluids like EG/W 60/40 that can effectively
be applicable as a heat transfer fluid in extreme cold cli-
mate regions.

The present work, therefore, investigates the thermo-
physical properties of EG/W (60/40) based h-BN nano-
fluids. From the results, it can be said that h-BN nano-
fluids with EG/W (60/40) as base fluid showed improved
thermal properties making it a potential substitute to
the conventional heat transfer fluids used, especially in
extreme climate regions.

The manuscript is designed as follows: the introduc-
tion gives a brief review of thermo-physical properties of
various nanofluids dispersed in different mixtures of eth-
ylene glycol and water. Section 2 describes the experi-
mental details of the nanomaterial used for the synthesis
of nanofluid and its synthesis procedure. Various char-
acterization methods used for the analysis are also dis-
cussed. The characterization results and thermo-physical
properties obtained are detailed in Sect. 3. Sections 4
and 5 follow the comparison of the present results with
estimations from already developed theoretical models
and its analysis and the development of a correlation for
predicting the thermo-physical properties of h-BN nano-
fluids. Finally, the conclusions made from the results are
briefed in Sect. 6.

2 Materials and method
2.1 Materials

The h-BN nanopowder was commercially procured from
Sisco Research Laboratories (SRL), Pvt. Ltd., India. For
improving the stability of synthesized h-BN nanofluids,
Polyvinylpyrrolidone (PVP) having a molecular weight of
10,000 was purchased from Sigma Aldrich. Ethylene gly-
col (EG), having a purity of 99.9% AR grade obtained from
Merck, India, was utilized as a base fluid in the water-EG
mixture. Distilled water was used in the whole synthesis
process. No further purification was performed on all the
obtained chemicals.
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2.2 Nanofluid synthesis

The most extensively followed synthesis process for
nanofluids viz., the two step method, is used in the pre-
sent work for the synthesis of h-BN nanofluids. The eth-
ylene glycol-water mixture (EG/W) is primarily prepared
by carefully mixing water and ethylene glycol in a volu-
metric ratio of 60:40. PVP, which serves as a surfactant, is
added to the base fluid with the aid of magnetic stirring
until a homogeneous solution is achieved. The appro-
priate concentration of h-BN nanopowder calculated
from Eq. 1 is added to the homogeneous base fluid sur-
factant mixture, and magnetic stirring has been carried
for two hours at 680 RPM. Lastly, the h-BN nanofluid is
subjected to intense sonication (IMECO ultrasonics water
bath, 120 W) for a total time period of 4 h. The process
of obtaining the optimum sonication time is detailed in
Sect. 3. To avoid excess heating during ultrasonication,
the water is changed at regular intervals. h-BN nanoflu-
ids with different concentrations ranging from 0.5 to
2 vol% were prepared in an above-mentioned manner
for TC and viscosity characterizations.

(32)

PN
(%)
PeNn Pof
here wgy and wy,; denotes the weight of h-BN nanoparticles
and base fluid in g,pgy and p,r denotes the density of h-BN

nanoparticles and base fluid in g-cm™.
The TC and viscosity measurements are carried out
by collecting the required amount from the top part of

the synthesized nanofluid, after attaining a steady state
condition.

¢ = x 100 (M

2.3 Characterization of nanofluids

To confirm the structural properties of h-BN nanoparti-
cles, X-ray diffraction (XRD) analysis has been conducted
using a BRUKER D8 Advance X-ray diffractometer with
Cu-Ka radiation. Nanoparticle size and morphology have
been analyzed using a Focused lon Beam Scanning Elec-
tron Microscope (CARL ZEISS) and Transmission Electron
Microscope (JEOL, Japan).

2.3.1 Thermal conductivity measurement

The equipment LAMBDA from Flucon fluid control
GmbH, which operates on the concept of transient hot-
wire (THW), is used here to test the TC of h-BN nano-
fluids. The nanofluid sample is poured in a cylindrical
vial (length=90 mm; diameter=35 mm) into which

a Teflon-coated platinum wire having a diameter of
100 um is immersed. Here, the platinum wire plays the
dual role of a heat source and temperature sensor. Ini-
tially, thermal equilibrium is maintained surrounding the
wire. Applying a voltage to the wire causes a flow of cur-
rent, and the wire gets heated. On the basis of the rise
in temperature taking place across the wire for a given
time period, the TC of the nanofluid sample is calculated.
The following mathematical model gives the relation
between the temperature rise and TC of the fluid [18]:

q 4at

AT = -4 29t
Ark nr2C

()
Here, r is the radius of platinum wire, C is the Euler’s con-
stant, g is the constant heat produced per unit length and
unit time and a is the thermal diffusivity.

Then, the thermak conductivity (k) is determined from
the slope (c) of the linear part of the plot AT versus In (t).

q

k=_— 3)

The THW method gives better accuracy and precise
results when compared to other measurement techniques
available [19]. Measured TC values had an uncertainty of
less than 2%. Julabo oil bath (F12) was used to maintain
the specific temperature in the range of 30 °C to 60 °C. Fig-
ure 1a shows the measured TC of EG/W 60/40 in compari-
son with the standard values from the ASHRAE handbook
[20]. A maximum deviation of 0.7% was observed within
the measured temperature range.

2.3.2 Viscosity measurement

Dynamic viscosity of h-BN nanofluids of varying parti-
cle concentration is measured at different temperatures
over the shear rate ranging from 0.612 to 122 s™' with a
viscometer (Brookfield DV-II + Pro). Through the use of a
calibration fluid given by Brookfield Engineering Labora-
tories, the accuracy of the viscometer is tested and then
calibrated. From Fig. 1b, a maximum deviation between
the measured viscosity and the standard viscosity data
from ASHRAE [20] for EG/W 60/40 is 6.3%. Table 1 lists the
parameters of the experimental conditions for thermal
conductivity and viscosity of h-BN nanofluid.

3 Results and discussion

Figure 2a shows the XRD spectrum of h-BN nanoparti-
cles displayed in the range of 20°-80°. The crystalline
peaks indicate the hexagonal structure of h-BN nano-
particles (JCPDS card no. 34-0421) without any impurity
phase. The average crystallite size calculated using the
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Fig. 1 Measured (a) TC and (b) dynamic viscosity of EG/W 60/40 with respect to standard ASHRAE data

Table 1 Experimental conditions of presented thermal conductivity

and viscosity of h-BN nanofluid

Properties

Experimental conditions

Thermal conductivity of
nanofluids

a. Average particle size: 100 nm
b. Density of h-BN: 2.1 g cm™

c. k,: 600 W-m™K™"

d. kpz 033 W-m™K™!

e. h-BN concentration: 0.5-2 vol %
f. Temperature: 30-60 °C

a. h-BN concentration: 0.5-2 vol %
b. pyr:42mPas

c. Temperature: 30-60 °C

d. Shear rate: 0.612-122 57"

Viscosity of nanofluids

Williamson-Hall method [21] has been estimated to be
around 21.2 nm. The morphology and size of h-BN nano-
particles analyzed by TEM show almost spherically shaped
nanoparticles within the size range of 90-170 nm (Fig. 2b).
It is also visible that these nanoparticles form agglomer-
ated structures due to their high surface area.

The ultrasonication time is optimized to achieve a uni-
form dispersion of h-BN nanoparticles in the base fluid.
For this purpose, the TC measurement of the h-BN nano-
fluid has been carried out after every 30 min of sonica-
tion. Figure 3a displays the influence of sonication time
on the TC of 0.5 vol% of h-BN nanofluids. It is observed
that the TC of h-BN nanofluids increases with the
increase in the sonication time. The observed increase in
TC can be explained as follow: the h-BN nanoparticles are
in an agglomerated form in the base fluid, immediately
after the synthesis, because of its high surface energy.
The sonication process, because of its high power, breaks
down the agglomerates and attempts to disperse them
uniformly in the base fluid. The reducing cluster size of
the nanoparticles also increases its Brownian motion.
This phenomenon leads to the rise in the TC with the
increasing sonication time. The highest TC achieved after
240 min of sonication indicates the maximum dispersion
of h-BN nanoparticles. Later, this enhancement in the
TC of h-BN nanofluids starts diminishing. The prolonged

Fig.2 a XRD patterns,and b —
TEM image of h-BN nanopar- S
ticles e (a)
3
S
&
‘@
c
L S
c -
= T @ -
20 30 40 50 60 70 80
20
SN Applied Sciences

A SPRINGERNATURE journal

100 nm



SN Applied Sciences (2020) 2:1595 | https://doi.org/10.1007/s42452-020-03443-1

Research Article

0.344

(a)
0.3434

0.342 @
0.341 4
0.340 + °

0.339 1

Thermal conductivity (W-m™-K")

0.338
0 55 165 220
Ultrasonication time (min)

275

o e Present work
% 97404 B, —=— MWCNT-H,0
i s A—TiO,H,0
;E 0.7204 A * TES A i Alzoa'Hzo
2 f’ vy
£ 0.640 L -{-\.
© 0.6204 =
=
2 0.600,
5 =z
— 0.342- *—o
(é! °
S 0.340 «—o—
£ ]
'_ 0338 A T ° T T T T T
0 50 100 150 200 250

Ultrasonication time (min)
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water [24], TiO,- water [25], Al,O;- water [26])

sonication manifests the tendency for re-agglomeration,
thereby resulting in a decrease in TC of nanofluids. Differ-
ent researchers have suggested similar results, which are
displayed in Fig. 3b. The presence of re-agglomeration in
nanofluids by sonication beyond a critical point has also
been confirmed microscopically [22, 23]. Thus, based on
Fig. 3, the sonication time for subsequent synthesis of
h-BN nanofluid having an EG/W (60/40) mixture ratio as
base fluid is fixed as 240 min.

The TC of h-BN nanofluids is measured at tempera-
tures between 30 and 60 °C and for different volume
fractions ranging from 0.5 to 2 vol% h-BN. Figure 4 dis-
plays the TC enhancement calculated as per Eq. 4 for h-
BN nanofluids at different temperatures.

k. — K,
Thermal conductivty enhancement = <u> X 100
bf

(4)
here k,; and k,; denote the TC of the nanofluid and base
fluidinWm™" K™

The results from Fig. 4 show an increasing TC enhance-
ment with increasing volume concentrations, which is in
agreement with many researchers [27, 28]. The highest
TC enhancement of 8% has been observed for 2 vol% h-
BN particle loading. Such an increase in TC enhancement
can be related to the increased number of collisions due
to Brownian motion between nanoparticles leading to
enhanced TC [29]. Reports on the effect of temperature
on TC of nanofluids are available [30, 31]. Yet, a common
conclusive trend for the effect of temperature on the TC
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Fig. 4 Effect of temperature on the a absolute TC and the b TC enhancement of h-BN nanofluids for different particle concentrations
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enhancement has not reached. From Fig. 4, it is observed
that temperature has an insignificant impact on the TC
enhancement depicting an almost independent kind of
nature. For 2 vol%, the TC enhancement is 7.7% at 30 °C,
which when measured at 60 °C is 6.7%, a variation of
only 0.1% from 30 to 60 °C. This kind of trend is similar to
other particle loadings as well. Thus, the TC enhancement
is almost constant with the increase in temperature, for
all volume concentrations. This is because the absolute
TC of h-BN nanofluids (k) and base fluid (EG/W 60/40)
(ky¢) increases by the same rate with respect to temper-
ature, suggesting that the TC of h-BN nanofluids simply
follow the TC of the base fluid EG/W 60/40. Similar con-
clusions were made by researchers like Timofeeva et al.
[32], Suganthi et al. [33] and Yu et al. [34]. Timofeeva et al.
[32] reported the temperature independent nature of TC
enhancement with aqueous Al,0; nanofluids, while Gal-
lego et al. [35] concluded the near temperature independ-
ent nature of TC enhancement with EG based Fe;0, and
Fe,O; nanofluids. Suganthi et al. [33] stated the following
conclusion: the solvation layer forming around the nano-
particle’s surface has a more ordered structure than the
base fluid molecules and hence have higher TC. The TC of
the solvation layer is known to contribute to the effective
TC of nanofluid through liquid layering mechanism [36].
With the increase in temperature, the Brownian motion
of nanoparticles also increases, which yields an increase
in the effective TC due to their higher energy at high tem-
peratures and micro-convection induced by the Brown-
ian motion of nanoparticles [37, 38]. The decreases in
the solvation layer thickness with the rise in temperature
try to compensate for the effect of the increased Brown-
ian motion leading to temperature invariance of the TC
enhancement.

Having an understanding of the effects of volume
concertation, shear rate, and temperature on the rheol-
ogy of nanofluids is crucial for heat transfer applications,
pumping power, etc. For the rheological study of EG/W
60/40 based h-BN nanofluids, the viscosity is measured
as a function of shear rate over the range from 0.612 to
122 57! between temperatures 30-60 °C. Figure 5 shows
the flow curves for base fluid EG/W 60/40 measured at
different temperatures. From Fig. 5, it is clear that the
base fluid (EG/W 60/40) exhibits Newtonian nature over
the measured shear rates and temperatures.

The viscosity measurements for h-BN nanofluids hav-
ing a particle concentration ranging from 0.5 to 2 vol%
are conducted over the same shear rate range and tem-
perature as that conducted on the basefluid. Figure 6
shows the flow curves for h-BN nanofluids at different
particle loadings (0.5-2 vol%) measured between 30
and 60 °C. It has been observed that the apparent vis-
cosity shows a slightly decreasing trend at the lower
shear rates, which further maintains a constant viscos-
ity towards the higher shear rates. This kind of behavior
is visible for all the particle concentrations irrespective
of the temperature. Considering the case of 2 vol% h-
BN nanofluids at 30 °C, the apparent viscosity drops by
13.4% over the shear rates from 0.612 s™' to 24.5 5.
This indicates that the viscosity displays a shear-thin-
ning behavior (Non-Newtonian). Such shear thinning
behavior possibly arises from the alignment of the
nanoparticle clusters in the flow direction taking place
with the increasing shear rate, thereby resulting in an
initial decrease in viscosity. Other researchers have also
observed similar behaviour [27] [17]. A constant viscosity
is observed for shear rate beyond 24.5 s™'. This display
of invariable viscosity at higher shear rates suggests the
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Fig. 5 a Viscosity versus shear rate b Shear stress versus shear rate of base fluid EG/W 60/40 at different temperatures
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Fig.6 Flow curves for nanofluids with (a, d) 0.5 vol %, (b, ) 1 vol % and (c, f) 2 vol % of h- BN particle loading at increasing temperatures

transformation to a more ordered kind of nanoparticle
structure resulting in the Newtonian behaviour.

A decrease in viscosity of h-BN nanofluids at low
shear rates is observed in Fig. 6, consequently display-
ing a non-Newtonian behavior with shear thinning char-
acteristics. Several mathematical models like Casson

Model [39], Hershel-Buckley Model [40], Bingham Plas-
tic model [41], and Power law model, etc. have been
developed to describe the rheological behavior of flu-
ids. Among them, the power-law model, proposed by
Ostwald de Waele, is the most generalized model for
non-Newtonian fluids.
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3.1 Power law model

The power law model, given by Eq. 5, helps classify the
nature of the fluid into Newtonian or non-Newtonian.

T =Kj" (5)

here, 7 and = denote the shear rate (unit: s~') and shear
stress (unit: mPa). The two parameters, consistency index
(K; unit: mPa-s") and flow index n (unit: dimensionless), are
used to describe the power law model. The consistency
index is a measure of the average viscosity of the fluid,
and the flow index denotes the degree at which the fluid
displays the non-Newtonian behavior.

The power-law model expresses the viscosity (u) for
fluid as:

u=Ky"" (6)

Depending on the values of n, the fluids can be char-
acterized as follows:

e Forn=1,the viscosity shows an independent nature
with respect to the shear rate and is known to follow
a Newtonian behavior.

e Forn#1,the viscosity is a function of shear rate and
follows a non-Newtonian behavior. Non-Newtonian
fluids can be further categorized into shear thinning
and shear thickening under increasing shear rates.

e If the magnitude of n< 1, the fluid behaves as
shear thinning or pseudoplastic. It is character-
ized by the apparent viscosity, which gradually
decreases with the increasing shear rate.

e While for values of n> 1, the apparent viscosity
increases as the shear rate increases, and the fluid
is known to have a shear thickening or dilatant
behavior.

With non-Newtonian fluids, there usually exists a
region at low or high shear rates where the viscosity is
independent or nearly independent of shear rate form-
ing a Newtonian plateau (ng and n,,) and a section that
exhibits strong shear rate dependence (shear thinning
or shear thickening). The presence of the Newtonian pla-
teau is also observed in the results for h-BN nanofluids.

In the present study, the shear thinning behavior of
the h-BN nanofluids is characterized using the power law
model. The parameters of the power law model can be
determined from the plot of Ln versus Ln y, which is gen-
erally of the form of a straight line (Eq. 7). The intercept
and slope of the straight line give the values of consist-
ency index (K) and flow index (n).
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Ln(t) = Ln(K) + nLn(y) (7)

Using Eq. (7), flow index and consistency index for h-BN
nanofluids are obtained in the lower shear rate region for
particle concentrations varying from 0.5 to 2 vol% h-BN
loading and at different temperatures. Figure 7 shows the
logarithm plots for shear stress versus shear rate. Tables 2
and 3 displays the flow index and consistency index
parameters obtained from fitting the Eq. 7. The power
index values vary between 0.9091 and 0.9943, suggest-
ing the weak shear-thinning nature. Also, from Fig. 7, it
is observed that both the particle concertation and tem-
perature affect the consistency index of h-BN nanofluids.
At a constant temperature, the consistency index of h-BN
nanofluids increases with increasing particle concentra-
tion. And for a given particle concentration, the consist-
ency index reduces as a result of temperature increment.

Nonetheless, it should be noted that in the present case,
even though the power-law model provides an estimate
of the shear-thinning nature, the subsequent Newtonian
behavior that is observed at higher shear rates could not
be predicted.

Another thing to note is the effect of temperature and
nanoparticle volume fraction on the viscosity of h-BN
nanofluid. The viscosity ratio is measured by taking the
ratio of effective viscosity of nanofluid to the viscosity of
the base fluid (in the present case, EG/W 60/40). Viscosity
ratio is used to understand the effect of particle concen-
tration on the viscosity of h-BN nanofluid. The viscosity
of h-BN nanofluid obtained at a shear rate of 122 57" is
observed to increases with the increasing nanoparticle
concentration (Fig. 8). A maximum viscosity enhance-
ment of 14.5% has been observed for 2 vol% h-BN load-
ing. The presence of nanoparticles increases the intermo-
lecular forces, which cause resistance to flow, and thus the
observed increased viscosity. Figure 9 shows the effect of
temperature on the viscosity of EG/W 60/40 mixture and
EG/W 60/40 based h-BN nanofluids for different particle
loadings. From the figure, it is clear that the viscosity of
EG/W 60/40 reduces with the increase in temperature.
The rise in temperature imparts energy to fluid molecules.
As a result, the Brownian motion of molecules increases
that weakens the intermolecular interactions. This results
in a decreased fluid resistance in response to the shear-
ing flow and a decline in viscosity is observed. This is an
already established phenomenon for general fluids. The
decrease in the viscosity occurs at a rate dependent on
the fluid’s intrinsic properties. In the case of EG/W 60/40
based h-BN nanofluids, a similar declining trend of viscos-
ity with respect to temperature is evident. At 60 °C, the
viscosity of 2 vol% h-BN nanofluid shows a decrement of
49%. It is noted that the change in nature of viscosity of
h-BN nanofluids under the influence of temperature is not
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Table 2 Flow index values for h-BN nanofluids
Vol % 30°C 40 °C 50°C 60 °C
0.5 0.9721 0.9701 0.9652 0.9782
=
1 0.9312 0.9259 0.9454 0.945 1154 %flg(a)géateﬂﬂ s
2 0.9091 0.9525 0.9943 0.9805 ’ - .
R
Table 3 Consistency index values for h-BN nanofluids T 1104
a 5
Vol % 30°C 40°C 50°C 60 °C 2
)
0.5 0.0405 0.0352 0.0231 0.0175 %
1 0.0497 0.0398 0.0263 0.0219 ™
2 0.0569 0.0411 0.0304 0.0217 1.05+
[ ]
T g T T T T :
0.5 1.0 1.5 2.0

different from the behavior of the base fluid (EG/W 60/40),
as observed in Fig. 9. Results from literature also report a
prevalent downward trend in viscosity with an increase in
temperature [9, 42].

Vol.%

Fig. 8 Variation in viscosity of h-BN nanofluid with volume fraction

atT=30°C
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rate=122 s™') with respect to increasing temperature for the differ-
ent volume fraction of h-BN particle loading

4 Comparison with other models

For estimating the TC and viscosity of nanofluids, vari-
ous classical and theoretical/analytical models have
been proposed by different researchers [32, 43]. In this
view, commonly used classical models are selected from
literature and compared with the present experimental
results of h-BN nanofluids.

Hamilton-Crosser (H-C) model [44] model given
below, estimates the effective TC of nanofluid while tak-
ing into consideration the shape factor (n):

1.084 = Experimental data
.0 —— H-C model L
§ Mintsa model
2 (@
s 1.06
©
=
2
o 1.04-
o
g .
8 1.02-
= [
0.5 1.0 15 20
Vol.%

kot ky + (n — Dkye — dp(n — 1) (kpe — k)

ke ky + (n — Dkye + p(n — 1) (ks — k)

@)

herek, represents the particle’s TC. ¢ is the volume frac-
tion. The shape factor (n) is given by n = %where y defines

the sphericity of the dispersed particle. In the case of
spherical particles, y = 1 while yw = 0.5 for cylindrical
particles.

The Minsta model [45], developed based on the volume
fraction of nanoparticles predicts the effective TC of nano-
fluids using the below relation:

ko = kpe(1.0 + 1.72) ®)

Einstein [46] and Batchelor [47] proposed theoretical
models to estimate the effective dynamic viscosity of fluids
as a function of dispersed particle concentration. While the
Einstein model is effective for low particle concentration,
the Batchelor model takes into effect the Brownian motion
of the dispersed particles and its properties.

4.1 Einstein model

Hne = Hpe (1 +2.5¢ + 6.5¢%)

4.2 Batchelor model

Hne = Hpr(1 +2.5¢)) (10)

Figure 10 shows the comparison of present experi-
mental data with the results from the classical models.
From Fig. 10, it can be said that these models underpre-
dict the current experimental results. In the case of clas-
sical models, the parameters considered for predicting TC

1.16-4 m Experiemental data (Shear rate= 122s™)
— — Einstein model .
- - - -Batchelor model
o 1.124 (b)
©
P
@ 1.08 |
O
]
S " s
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Fig. 10 Measured (a) TC ratio and (b) viscosity ratio for different particle loading of h-BN nanofluid in comparison with results from classical

models
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and viscosity of fluids with suspension are limited and fail
to include significant parameters like nanoparticle size,
Brownian motion, nanoparticle aggregation, temperature,
etc. This leads to a remarkable deviation from experimen-
tal results for nanofluids, as observed in Fig. 10. In this
manner, it is significant to build up a relationship that will
precisely predict the TC and viscosity of nanofluids at dif-
ferent temperatures and various working conditions.

5 Proposed correlation

Since the classical models are unable to predict the
thermo-physical properties of nanofluids, a particular chal-
lenge for many researchers is to establish an appropriate
relationship with a specific end goal to accurately predict
the TC and viscosity of nanofluids at different levels of con-
centration and temperature.

Therefore, in this work, the experimental information
has been utilized as relationship designs, and a connec-
tion has been accommodated anticipating the TC and
viscosity with respect to nanoparticle concentration and
temperature. The correlation equations are developed on
the basis of present experimental results using nonlinear
regression analysis. Curve fitting was performed using the
Levenberg- Marquardt algorithm [48] to obtain the exact
coefficient of the independent variables, volume concen-
trations (¢p) and temperature (T). The following Eq. 11 pre-
dicts the TC and viscosity of h-BN nanofluids having EG/W
(60/40) mixture as base fluid for a given particle concentra-
tion (0.5-2 vol%) and temperature (30-60 °C).

knr = 0.363 + (0.014 X ¢) — (0.043 x e70'2X7)

<044 (a) — — Predicted data for 0.5 V?),_O/o
X - Predicted data for 1 vol.%

T — - —Predicted data for 2 vol.%

€ 0.42- - - - - Predicted data for EG/W 60/40
$ v 05vol.%

= ¢ 1vol%

2 %4 < 2vol.%

g » EG/W 60/40

3 0.38

C -

8 e s «-—— <
03] €T :
- - il TR
g ot e SRl
go34d BT TR e

Temperature (°C)

e = (37.74 X T7%%) — (0.1 X ¢*) + (0.48 X ) — 441

(1)
here k. denote the TC and , is the viscosity of nanoflu-
ids at temperature (T) and volume concentrations (¢),
respectively.

The developed correlation for TC and viscosity has an
R? value of 0.9907 and 0.9929. To test the potentiality of
the proposed correlation (Eq. 11), it is compared with the
experimental data. Figure 11 shows the present experi-
mental results in comparison with the output from the
developed correlation for h-BN nanofluids. The compari-
son shows good agreement between the results from
the developed correlation and present experiment with
a maximum deviation of 0.4% and 2.5% for TC and viscos-
ity of h-BN nanofluids. Thus, the proposed correlation can
predict the TC and viscosity of nanofluids at temperatures
between 30 and 60 °C and for volume concentration rang-
ing from 0.5 vol% to 2 vol% h-BN loading.

The proposed correlation is used here to predict the
optimal particle concentration for h-BN nanofluids, at
which it displays the maximum thermo-physical per-
formance. For that purpose, a commercially used heat
transfer fluid such as DURATHERM 450 [49] is considered.
DURATHERM 450 is a heat transfer fluid that is used for
efficient heating and cooling process.

As per the datasheet available for DURATHERM 450, the
TC, and viscosity at 30 °Cis 0.143 W-m~"-K™" and 4.96 mPa:-s.
From the experimental results, the h-BN nanofluids with
2 vol% particle loading show enhanced thermal proper-
ties in comparison with DURATHERM 450. The TC of h-BN
nanofluids is higher than DURATHERM 450, by 60.8%,
while the viscosity of DURATHERM 450 and h-BN nanoflu-
ids are almost comparable with DURATHERM 450 showing

Shearrate=| =— = Predicted data for 0.5 vol.%

6.44/122¢" - Predicted data for 1 vol.%

) b — - —Predicted data for 2 vol.%
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Fig. 11 Comparison of measured (a) TC and (b) viscosity of h-BN nanofluid with proposed correlation for different volume concentrations

and temperature
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a slightly higher value by 3.3%. Using the correlation, the
estimated TC and viscosity for h-BN nanofluids at 2.5 vol%
is 0.368 W-m~! K™' and 4.9 mPa:-s. From the point of view
of the application considered in this case, if h-BN nano-
fluids are used at 2.5 vol%, one can achieve an increase of
61.4% in the TC as compared to DURATHERM 450, and at
the same time, the difference in viscosity reduces to 1.22%.
Increasing the particle concentration beyond 2.5 vol%, for
instance, 3 vol%, will show an increase in the TC, but the
rise in viscosity will become more significant. This can cre-
ate issues like pressure drop increase leading to the need
for high pumping power. Also, nanofluids with high par-
ticle concentrations present concerns like sedimentation
(caused by agglomeration), which can negatively affect
its heat transfer characteristics—thereby compromising
the total efficiency of the nanofluid. Therefore, the optimal
particle loading of h-BN nanofluid can be considered at
2.5 vol% for the current instance of the application. How-
ever, the correlation has to be first validated experimen-
tally for further beyond particle concentrations. Another
point to note is the temperature. Here, for the convenience
of discussion, we have considered the TC and viscosity at a
specific temperature. It would be more accurate if different
range of temperature is taken into account for estimating
the optimal particle concentration of nanofluids. Thus, rig-
orous experimental investigations will be required to test
the relative influences and establish the general optimal
correlation of particle loading.

Overall, the proposed correlation for estimating the TC
and viscosity of nanofluid is valid for particle loadings 0.5
to 2 vol% between temperatures 30-60 °C. The optimal
particle concentration of h-BN nanofluid, for a specific
application considered here as an example, is 2.5 vol%. A
further experimental study is required to investigate the
optimal particle loading that will yield maximum thermo-
physical performance and, based on the results and fac-
tors, develop an optimal correlation of particle loading.

6 Conclusions

For a nanofluid, the choice of base fluid is crucial because
the nanoparticles that cause the fluid properties to
improve are dispersed in the base fluid. Common base
fluids like water and ethylene glycol limit its applications
in colder environments due to their high freezing point.
Among all the EG/W mixture ratios, EG/W (60/40) pos-
sesses a high freezing point and thus is extensively used in
cold climates. Therefore, in the present work, EG/W (60/40)
has been chosen as the base fluid for the synthesis of h-BN
nanofluids. The following conclusions were made based
on the experimental results.
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Using a two-step method, EG/W (60/40) based h-BN
nanofluids, have been synthesized. The TC and viscosity
of h-BN nanofluids were studied experimentally by vary-
ing the concentration of h-BN nanoparticles from 0.5 to
2 vol% and temperature in the range from 30 °C to 60 °C.
The TC of h-BN nanofluids is found to increase with an
increase in the particle concentration, and the maximum
TC enhancement was observed to be 8% for 2 vol% of
h-BN loading. Interestingly, the temperature showed a
negligible effect on the TC enhancement of h-BN nano-
fluids. The dynamic viscosity of h-BN nanofluids showed
an increase with the increase in particle concentration, and
maximum enhancement in the viscosity was observed to
be 14.5% for 2 vol% of h-BN loading. For all the volume
concentrations, at lower shear rates, the h-BN nanofluids
display a shear thinning behavior (non-newtonian), which
might be due to the nanoparticle cluster alignment in the
flow direction. With a further increase in the shear rate, a
Newtonian nature has been observed for all the concen-
trations. Moreover, the dynamic viscosity of h-BN nano-
fluids decreases with the increase in temperature of the
nanofluid. On the basis of experimental results, a new cor-
relation is proposed that estimates the TC and viscosity
of h-BN nanofluids with respect to the temperature and
particle concentration.

The improvement in the thermo-physical properties of
is the major highlight of nanofluid. Present work studies
the thermo-physical properties of h-BN nanofluids only
as a function of temperature and particle concentration.
Further research is still required by taking into consid-
eration the effect of aggregation, higher shear rates, and
temperatures.
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