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ARTICLE INFO ABSTRACT
Keywords: In this paper, the first study is reported combining Polyalpha-Olefin (PAO) oil with hexagonal
Nanofluids Boron Nitride (hBN) to produce new class of nanofluids for heat transfer and lubrication appli-
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Heat transfer enhancement
Polyalpha-olefin

Boron nitride

cations. The heat transfer performance of the nanofluids is studied experimentally along with
their viscosity, specific heat, thermal diffusivity and thermal conductivity. Thermophysical
properties relations are derived as a function of temperature and nano particle concentration.
Heat transfer experiments are conducted for both the PAO base fluid and nanofluid as a function
of Reynolds number. It is found that PAO/hBN nanofluids exhibit Newtonian behavior as a
function of temperature (from —20 to 70 °C) and volume concentration (0.25-1%). The viscosity
decreases with temperature for both base fluid and PAO/hNB nanofluids and increases with
concentration. The specific heat increases with temperature by 44% from 45 °C to 95 °C for pure
PAO and by 48% for nanofluid with 1% concentration. The thermal conductivity of nanofluids is
significantly higher than that of pure PAO and it increases by increasing hBN concentration. The
thermal conductivity decreases with temperature for pure PAO and nanofluids unlike other
nanofluids. The heat transfer enhancement in terms of Nussel Number showed average and
maximum values of 10%-13%, 17%-20% and 26%-29% for hBN concentration of 0.25%, 0.6%
and 1%, respectively. Two competing phenomena affect the heat transfer performance: the in-
crease/decrease in resistance to thermal diffusion sublayer when thermal conductivity increases
and viscosity decreases, respectively. For the PAO/hBN nanofluids, the increase in thermal
conductivity caused the heat transfer enhancement.

1. Introduction

The quest by various technologies for boosting the convective cooling performance to dissipate heat has never been so intensive,
especially for thermal management applications of solar energy systems, electric machines and electronics, and manufacturing pro-
cesses. Therefore, new cooling technologies need to be developed with superior thermal performance, without penalties (such as
increasing the size and volume of the system), and without increasing the pumping requirements. Nanofluids for heat transfer ap-
plications have great potential to meet this ever-growing cooling demand. Nanofluids are prepared by dispersing nanoparticles
(10-100 nm particle size) in water or oil base fluids that can be used, in addition to heating and cooling [1], in other diverse appli-
cations [2-7]. Although an overwhelming number of publications is available in open literature on experimental and theoretical work
of nanofluids, however, nanofluids with Boron Nitride (BN) nanoparticles and Polyalpha-Olefin (PAO) oil as base fluid for cooling
applications have not been reported. BN has favorable thermophysical properties and BN nanofluids with water base fluid showed
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Nomenclature

Symbol Description Units
A, B,C Curve fit parameters

Cp Specific heat J/kg.K

D Diameter m

h Convection heat transfer coefficient W/m2.K
k Thermal conductivity W/m.K
L Length of test section m

Mo Mouromtseff number

m Mass flow rate kg/s

Nu Nusselt Number

p Pressure Pa

P Perimeter m

pr Prandtl number

q Heat transfer rate W
Re Reynolds Number

T Temperature °C or K

U Velocity m/s

X Location in x direction m

Greek symbols

a Thermal diffusivity m?/s

f Frictional coefficient

@ Volumetric concentration %
M Viscosity Pa.s

p Density kg/m?>

Subscripts

cl, c2 .... ¢7 Thermocouple number
cony Convection

D Diameter

in inlet

m mean

out outlet

s surface

Abbreviations

BN Boron Nitride

PAO Polyalpha-Olefin

enhanced heat transfer performance and thermophysical properties for cooling applications [8]. PAO is used in varies industries as
lubricant and as a cooling fluid [9,10]. Combining PAO with NB to produce nanofluids for improved cooling and lubrication per-
formances seems very attractive idea and is the main objective of the present study. The thermophysical properties and heat transfer
characteristics of different nanofluids are discussed briefly in the next subsections, emphasizing the use of PAO and BN.

Several studies in open literature investigated the thermal conductivity (k) of nanofluids [11], almost all of which reported sig-
nificant enhancement in k over the base fluids. An increase in k of 60-70% was reported by Hong et al. [12] using single-wall CNT
nanoparticle in PAO base fluid. The enhancement found by Yu et al. [13] was 50-60% of water with silicon carbide nanoparticles of
volumetric concentration 3.7%. Singh et al. [14] have shown 28% enhancement in k of SiC/water nanofluid. Liu et al. [15] reported
30% enhancement for CNT-synthetic/engine oil nanofluids. For Multi Walled Nano Tubes and a-Olefin oil nano fluid, Choi et al. [16]
found 150% enhancement in k. The thermal conductivity of nanofluids with PAO as base fluid, were tested with aluminum oxide and
MWCNT nanoprticles in Refs. [17]. They found that nanoparticle concentration enhanced k more than the Hamilton and Crosser’s
model predicted due to clustering and thus, they developed a modified model that accounts for that. The thermophysical properties of
hexagonal boron nitride (hBN) nanofluids with DI water, ethylene glycol (EG) and EG-DI water mixture base fluids were investigated
by Ilhan et al. [18] with particle volume concentration from 0.03% to 3%. They found that the hBN nanofluids k is much higher than
the base fluids with water based hBN nanofluids showing significant increase in k compared to the viscosity increase. In addition to the
experimental studies above, the thermal conductivity of nanofluids can be studied using artificial neural network and intelligence
methods as reported in Ref. [19-21].

Several heat transfer studies of nanofluids for thermal management can be found in Ref. [22-27] using different types of nano-
particles and base fluids. A recent study of friction factor and heat transfer coefficient for SiOy —ethylene glycol/water (50 wt%)
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nanofluids [28], found 25% enhancement in the heat transfer coefficient of the nanolfuid. However, the challenge in cooling appli-
cations is still persisting, when oil is used as base fluid, to enhance the thermal conductivity side by side with reasonable increase of
viscosity [29]. To address this challenge, researchers in Ref. [29] used several oils and fuels including transformer oil, mineral oil,
silicon oil, hydrocarbon fuels, biodiesel, and organic solutions as the base fluids for heat transfer augmentations. They highlighted
worthy enhancements in heat transfer performance. Applications of nanofluids as heat transfer fluids in solar energy systems have
drawn the attention of researchers and engineers. Refiei et al. [30] used nanofluids of MWCNT/oil to investigate a solar organic
Rankine cycle performance. Moh et al. [31] reported a cooling application using Graphene nanofluids on flat solar panel. Abro et al.
[32] performed an interesting heat transfer study using rotating Jeffrey nanofluids to enhance the performance of solar energy systems.

The use of oil base nanofluids in electric machines for both electric insulation and heat dissipation has drawn the attention of
researchers and engineers for the last three decades. Nanofluids with insulating oil base fluids were found in Ref. [33] to be stable and
homogeneous with advanced performance of both cooling and electric insulation. In addition to insulation and cooling applications, a
variety of nanoparticles can be used as lubricant additives (reviewed by Gulzar et al. [34]) with potentially favorable friction and wear
properties.

While many publications have studied viscosity of different oil base nanofluids, only few investigated PAO nanofluids and its heat
transfer performance. Moreover, as mentioned before, the potential of using BN as nanoparticles in PAO oil base nanofluids was not
explored before. Lubrication properties of PAO are attractive and there is potential to improve these properties by adding nanoparticles
to the base oil (PAO). There are many proofs in open literature confirming that adding nano particles to lubricants improves their
lubrication properties. For example, Wang et al. [35] reported that A1203 nanofluids with base vegetable oil could reduce the sliding
friction remarkably by forming a reduced friction film on the tested surface. A 19.3% reduction in the average friction coefficient was
achieved with 65% increase in mass wearing ratio compared with palm oil. Another evidence was reported by Ramén-Raygoza et al.
[36] who manufactured lubricant nanofluids with multi-layer graphene (MLG), (MLG-Cu), and MLG impregnated with polyaniline
(MLGPANI) for automotive engines application. They acheived significant reductions in coefficient of friction and wear of 43% and
63%, respectively.

Some studies on using BN with lubricant oils as base fluid have been reported in literature. Wan et al. [37] studied the tribological
properties of BN nanolubricant. They recommended an optimal concentration of nanoparticles of 0.1 wt%. Indicating that nano-
lubricants with small amount of BN exhibit superior tribological performance. Guimarey et al. [38] studied the effects of concentration
and morphology of nanoadditives on the thermophysical properties of nanolubricants (NLs) as a function of temperature. They used
polyalphaolefin (PAO6) oil with Zirconium oxide (ZrO2) and BN nanoparticles (NPs) and graphene nanoplatelets (GnP) with mole
fraction of 0.05 wt% to 2 wt%. They developed correlations for prediction of pressure-viscosity coefficients as a function of con-
centration and temperature. Other researchers studied different lubricant additives with varying results. For example, Kiu et al. [39]
studied the tribological behaviours of graphene nanoparticles as lubricant additive in vegetable oil and recommended optimum
concentrations for the best friction performance.

Determination of the viscosity of nanofluids accurately, is very important and is one of the targeted outcomes of the present study.
There are several correlations in open literature that predict the viscosity of nanofluids as a function of temperature and nanoparticle
concentration [40-45]. These and other correlations available in open literature are usually derived for class of nanofluids and
temperature and concentration ranges suitable for their intended applications. However, upon comparison with results obtained in the
present study, it was found that these correlations have deviations, in some cases, exceeding +45% from the measured viscosities.
Therefore, a new viscosity correlation is developed in the current study for temperature range from —20 °C up to 70 °C. Many current
and future technologies need rapid cooling solutions and better lubrication fluids with reduced friction. To address this, PAO/hNB
nanofluids are developed and their rheological characteristics, thermophysical properties and heat transfer performance are inves-
tigated experimentally with BN ¢ of 0.25%, 0.6% and 1% over practical temperature range.

2. Heat transfer measurements

Heat transfer measurements of PAO based nanofluids were reported in open literature for different nano-particle fillers with clear
evidence of heat transfer improvement. Nelson et al. [46] conducted fin strip heat transfer experiments using exfoliated graphite
nanoparticle fibers in PAO at 0.3 and 0.6 mass concentrations. They observed 10% enhancement, which they partially attributed to the
deposited nanoparticals on the surface that enhanced the heat transfer. Heat transfer study of non-Newtonian nanofluids Fe203, A1203
and CuO nanoparticles in aqueous carboxymethyl cellulose (CMC) base fluid was reported by Naink and Vinod [47] in a shell and
helical coil heat exchanger. They used the nanofluid on shell side and water in tube side and they determined the overall heat transfer
coefficient and shell-side Nusselt number (Nu). They reported significant increase in the rate of heat transfer at higher nanofluid
concentrations, shell-side temperatures, stirrer speeds and Dean numbers. Shahmohamadi et al. [48] theoretically and experimentally
investigated the tribological performance of carbon nanoparticles in PAO6 oil. Results showed improved heat transfer even at low
concentration with higher lubricant viscosity, load carrying capacity and reduced friction. Based on that, the potential of PAO/hBN as
an enhanced heat transfer fluid is clear. In this section, details are given for the experimental setup that is designed for testing of the
heat transfer characteristics of the developed in this study PAO/hBN nanofluids.

2.1. Heat transfer test setup

The heat transfer test set up is shown by Fig. 1 (a) and (b). The test setup consists of two loops; (1) a transparent plastic piping loop
with a Flojet pump FDP 1000 to monitor the pressure and to visualize the flow and (2) the heat transfer closed loop with the nanofluid
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maintained at a uniform inlet temperature by circulating the fluid through a BPX Brazed Plate Heat Exchanger model BP400, and the
exit temperature from the heat exchanger is controlled by means of a preheater.

The test section is equipped with inlet valve to control the flow rate and an Omega pressure sensor model PX2300, which monitors
the test loop for any changes in pressure. The clear plastic pipe allows visualization of the fluid to ensure that the nanofluid is
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Fig. 1. Heat transfer test setup — (a) schematic, (b) photo.
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thoroughly mixed and air bubbles are not present during testing. The heat transfer test section is made from standard copper tubing
having the dimensions 0.700 m x 0.00635 m x 0.120 m. The test loop was instrumented with 7 evenly placed thermocouples to
measure the local temperatures (T¢; to Ty in Fig. 1) across the test loop, in addition to the 2 temperature sensors attached to each end
of the loop to measure the fluid inlet and exit temperatures, respectively. Description of the instruments shown in Fig. 1(a) and (b) are
summarized next.

Data acquisition hardware. The Instrument model 100 hardware manufactured by Omega Engineering is compatible with the
data that has to be collected. It plugs into a computer via a PCI cable and has a total of 16 digital I/O connections for temperature,
pressure and flow inputs. It has an auto-calibration function without the need for digitization.

Temperature measurements. The test setup is instrumented with 11 thermocouple (Tc) to measure temperatures at different
locations. Two of them measure the inlet and outlet temperatures of the test section, another two measure the heat exchanger inlet and
outlet temperatures and the remaining 7 thermocouples were JT type with probe penetration thermocouple wires manufactured by
Omega engineering and spread across the test section. Before the experimental tests, all thermocouples were calibrated they showed an
accuracy of 0.2 K.

Flowmeter. The flow meter required for the nanofluid must be able to account for the higher viscosity of the nanofluid. After
careful considerations, an oval gear flow meter is used; model FPD10038 from Omega engineering with a range of 3-25 L/min (LPM)
flow rate, an accuracy of +0.5% of reading and repeatability of +0.03%.

Pump. The flojet pump FPD1000 has a polypropylene construction with heavy duty nylon housings. The pump has a flow rate up to
20 LPM and a maximum operating pressure of 65.5 kPa. It is a self-priming pump that has a built-in pressure switch, which auto-
matically starts and stops the pump instantaneously when the discharge valve is opened and closed. It can run dry without damage and
handles liquids up to 71 °C. More than one pump was used when the flow rate needed to be increased.

Heat Exchangers. The heat exchanger subsystem used in this study is the BPX model BP400-020 manufactured by Bell and Gossett.
The corrugated plates are made of stainless steel plates that can withstand temperature and pressure up to 150 °C and 3000 kPa,
respectively. The heat exchanger also boasts a capacity up to 3000 LPM.

Preheater. A preheater was used to maintain the inlet temperature of the nanofluid. For this purpose, we used an Ariston Pro Ti,
which had a heating capacity of 1500 W at an operating pressure of 1000 kPa with a tank volume of 11 L.

2.2. Heat transfer calculations procedure

Determination of the mean temperature Ty, at the inlet and exit of the test section is required for the current internal flow and heat
transfer analysis. The procedure to find T;, starts with an energy balance for a differential control volume [49], within the heat transfer
test section shown in Figs. 1 and 2. The rate of the convection heat of this differential control volume is given as:

dqeon = 11 Cp [(Tu +dT,) = Ty] = i CpdT,, @

where m is the mass flow rate, Cp is the specific heat, T;, and (T +dTp) is the fluid mean temperature at the inlet and outlet of the
differential control volume, respectively.
Integrating from the inlet to outlet of the test section,

Geon =mCp (Tm,oul - Tm.in) )

where Ty, o, and T are the mean temperatures at the outlet and inlet of the test section, respectively.
Also dqcony can be defined as the product of the heat flux and the differential surface area:

dqconv = qs (P dx) =h (T; - Tm) P dx (3)

Fig. 2. (a) Samples prepared with different loadings of BN from 0.25% to 3%. (b) Ultrasound sonicate for 6-7 h.
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where P is the perimeter of the pipe, h is the convective heat transfer coefficient and T is the surface temperature of the pipe of the test
section measured by thermocouples.
Substituting Eq (3) into Eq (1) and rearranging, the differential equation from which T,, may be determined is:

dr, 4¢P P

dx mCp  mCp

h (T: - Tm) (4)

For Uniform Surface Heat Flux (USHF) as in the current study, this equation becomes

dT,, 4 P
dx  mCp ®

which is not a function of the longitudinal direction x. Now Tj, as a function of x can be calculated as:

_aP
T (x) T X 6)

The total heat rate is:

9eonv = qs PL=h (TS - Tm) PL (7)

where L is the length of the heat transfer test section.
The convective heat transfer coefficient, h is calculated from Eq. (7) and then used to calculate Nusselt number:

_ kD

Ni
T

(8
where D is the pipe diameter and k is the thermal conductivity of the fluid.

The above Equations are used to calculate the heat transfer performance of the pure PAO and the nanofluids, where the mass flow
rate, fluid temperatures, surface temperatures and the thermophysical properties of the nanofluids are obtained from measurements as
detailed in the sections below.

For calibration and comparison purposes, the measured Nu of the pure PAO is compared to correlations available in Ref. [49]. Two
correlations are used; Sieder and Tate correlation [49] and Gnielinski [50]. Sieder and Tate correlation given in Eq. (9) is used for its
accurate results for flows characterized by large property variations as in the current study.

0.14
Nup = 0.027 ReY* pr/? (ﬁ) )
This correlation is valid for Rep > 10,000, L/D > 10 and 0.7 < Pr < 16,7000, where Pr is the Prandtl number,  is the fluid viscosity
evaluated at Ty, and s is the fluid viscosity evaluated at Ts. Rep is the Reynolds number with the pipe diameter D as the characteristic
length:
UD
Rep = ”—p (10)

where U is the fluid average velocity calculated from the measured mass flow rate.
Using Eq. (9) could result in large errors [49]. Another correlation, valid over a large Re range is provided by Gnielinski [50]:

(£/8) (Rep — 1000) Pr
Nup = 11
T 127 (¢/8) R (PP — 1) an

The correlation is valid for 0.5 < Pr < 2000 and 3000 < Rep < 5 x 10°. The friction factor f may be obtained from

f= (0790 In Rep — 1.64)> 3000 < Rep < 5x 10° 12)

In using Eq. (11), fluid properties are evaluated at Tm.
3. Results and discussion
3.1. PAO/hBN nanofluids preparation

The PAO nanofluid is prepared by dispersion of BN powder in PAO oil. The BN used is 99.5% pure hexagonal Boron Nitride (hBN)
powder from M K Impex Canada with average particles of 70 nm and the its density is 2.26 gm/cm®. The PAO is DURASYN_ 166; a
commercial Polyalpha-olefin oil product purchased from Chemcentral (Chicago, IL, USA). Nanofluid samples with BN ¢ of 0.25%,
0.6% and 1% were prepared. For preparing the 1% by volume sample, oleic acid surfactant was used. The samples then were placed on
a magnetic stirrer for more than 30 min and then in ultrasonic agitator (Branson Digital Sonifier, model 450) for 350 min for the 0.25%
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and 0.6% samples and 430 min for the 1% sample to ensure uniform dispersion of the nanoparticles, see Fig. 2.

3.2. Measurements and analysis of the rheological properties of PAO/hBN nanofluids

The viscosity of the PAO/hNB nanofluids is measured and used in calculating Re of the flow. The experimental setup for measuring
the rheological property of PAO/hBN nanofluids is an AR-G2 rheometer (TA Instruments), a combined motor and transducer (CMT)
instrument. The test fluid sample size is approximately 1.5 ml and the temperature of the test fluid is controlled between —20 °C and
70 °C by a water circulator chamber. Different data were taken including rotational speed of the spindle (RPM), torque, viscosity (Pa-
s), shear stress (Pa), shear strain rate (1/s) and temperature (°C). Viscosity measurements were taken at intervals of 10 °C under
thermal equilibrium conditions.

3.2.1. Calibration

The measured viscosity of PAO oil was compared to values given by the manufacturer. The difference between the measured and
the given viscosities is within 2.5% at 40 °C, 3.4% at 125 °C and 4.5% at low temperature of —18 °C as shown in Fig. 3. The error in the
viscosity provided by the manufacturer is about +3%, thus the measured viscosities are considered accurate.

3.2.2. Viscosity measurements results and analysis

The PAO/hNB nanofluids could exhibit Newtonian or non-Newtonian behavior depending on the concentration of NB, hence this
needs to be verified. For this purpose, the viscosity versus strain rate curve for ¢ of 1% is shown by Fig. 4a for temperatures from
—20°Cto 10 °Cand by Fig. 4b from 20 °C to 70 °C. The viscosity does not change with shear strain rate (almost horizontal lines), which
means the nanofluid is Newtonian. Similar behavior was observed for nanofluids with ¢ of 0.25% and 0.6%.

Another way to insure the Newtonian behavior of the nanofluid is the stress-strain relation as a function of temperature. The linear
shear stress (t) versus shear rate (y) relation (Fig. 5), of the nanofluid with 1% concentration for the full temperature range including at
—20 °C, confirms that the nanofluid is Newtonian. Results for 0.25% and 0.6% concentrations showed similar stress-strain trends
confirming the Newtonian behavior as well.

The particle concentration effect on the viscosity is displayed in Fig. 6a as a function of temperature. As for typical Newtonian
fluids, the viscosity increases with particle concentrations and decreases with increase in temperature.

3.2.3. Viscosity correlation

To develop a correlation for the PAO/hBN nanofluids, the viscosity-temperature relation is plotted in Fig. 6b as a function of
volumetric concentration of the nano BN (0% is for the pure PAO).’Based on the rheological characteristics of the nanofluid shown in
Figs. 5 and 6 above and using statistical analyses, a best fit model is reached using the LABFIT® software as follows:

foyp = Ae(BHCz?) (13)

where piy¢ is the viscosity of the nanofluid in Pa.s and T is in Kelvin units. Parameters A, B and C are characteristics of the nanofluid,
each for certain temperature range and are provided in Table 1. In Eq. (13), nano particle concentration (¢) varies from 0 (for pure
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Fig. 3. Experimental viscosities of PAO vs manufacturer data.
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Fig. 5. Linear stress-strain relation for Newtonian PAO/hNB nanofluid of 1% ¢

PAO) to 1. Eq. (13) predicts the viscosity values to within -£7% of the excremental values with RZ > 0.99 for the full temperature range.
The developed correlation in Eq. (13) was compared to correlations available in open literature (cited in Ref. [19,42,51-54]) for
predicting the viscosity of PAO/hBN nanofluids. Results of comparison showed that correlations in open literature gave a difference

between 35% and 58% compared to Eq. (13) correlation predictions.
For subsequent Re and heat transfer calculations in present study, the viscosity of the nanofluids for different ¢ and temperatures

were found from Eq. (13) correlation.
3.3. Thermophysical properties for PAO/hBN nanofluids

To evaluate the convective heat transfer of the nanofluids, in addition to the viscosity discussed in the previous section, values of
the other thermophysical properties as a function of temperature and ¢ are needed. These are: the specific heat (Cp), density (p) and

thermal conductivity (k) or thermal diffusivity (a).
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Fig. 6. (a) Viscosity vs (a) nanoparticle ¢ as a function of temperature, (b) temperature as a function of ¢

Table 1
Parameters for Eq. 13

Parameters Temperature range (253-273K) Temperature range (273-293K) Temperature range (293-313K) Temperature range (313-383K)

A 0.29731 x 10° 0.23611 x 107 0.39083 x 10° 0.10167 x 10*
B —0.07813 —0.06011 —0.04568 —0.03379

[¢ 0.71548 x 10* 0.59373 x 10* 0.43959 x 10* 0.33323 x 10*
R? 0.99625 0.99447 0.99391 0.99245

3.3.1. Specific heat of PAO/hBN nanofluid

Differential Scanning Calorimetry (DSC) is used to measure the specific heat of the nanofluids and pure PAO as a function of
temperature. Results are shown in Fig. 7a. The results show that the specific heat for PAO increases with the temperature by about 44%
from 45 °C to 95 °C. However, the specific heat for the nanofluid with ¢ = 1% was found to be enhanced by about 48% at high
temperatures compared to pure PAO. This increase in Cp of nanofluids can be attributed to several factors including: (1) the size and
the shape of the NB nanoparticles changes the phonon spectrum from continuous to discrete, which leads to increasing Cp. (2) due to
changes in atom vibrations as a results of adding the solid BN nanoparticles. (3) the higher Cp of the BN nanoparticle may have resulted
in additional energy storage.

3.3.2. Thermal diffusivity and thermal conductivity

Laser flash apparatus is used to measure the thermal diffusivity as a function of the temperature for the nanofluid and pure PAO.
The results are shown by Fig. 7b. While the pure PAO thermal diffusivity decreases slightly with temperature (Fig. 7b), a rapid increase
in thermal diffusivity with temperature was observed for the nanofluid. Based on the measured thermal diffusivity of the nanofluid, the
thermal conductivity of the nanofluid can be calculated from Eq. (14) and is shown in Fig. 7c:

a=k/pCp 14

The thermal conductivity (k) of nanofluids increases significantly compared to pure PAO and it increases by increasing ¢ up to 1%.
k is decreasing with temperature for both pure PAO and the nanofluids unlike other nanofluids investigated in open literature for
which the base fluid k decreases with temperature, while its nanofluid k increases with temperature.

3.4. Heat transfer experimental results

Heat transfer experiments were conducted for Re range from 3000 to 18,000 by controlling the mass flow rate of the fluids and the
heat input of the electric heater. A series of experiments of forced convective heat transfer for 0.25, 0.6 and 1 vol% PAO/hBN
nanofluids was carried out with local nanofluid temperature for heat transfer performance calculations of 36-70 °C. The temperature
difference between the inner test section wall and the fluid, a key parameter in minimizing experimental errors, was above 12 °C in all
cases. Nusselt number is calculated as a function of Re using the procedure outlined in section 2 above and using the measured
properties reported in this section above. The experimental uncertainty for the convective heat transfer coefficient (calculated ac-
cording to the procedures detailed in [57] and [58]) was within 4% for all experiments. Fig. 8 shows Nu versus Re for PAO and for the
nanofluids. Nu for PAO was compared to results obtained using the correlation that was given in Egs. (11) and (12) and also shown in
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Fig. 7. (a) Specific heat, (b) Thermal diffusivity and (c) Thermal conductivity vs temperature for PAO/hNB nanofluid of 1% volumetric
concentration.

<
<

Fig. 8. The correlation results under predicted Nu by a maximum amount of 9% compared to the measured values of pure PAO oil. Nu
enhancement is shown in Fig. 9 for PAO/hBN nanolfuids with different concentrations and is compared to Nu of pure PAO. This
enhancement is expressed in terms of the ratio of nanofluid Nu to PAO oil. Nu is enhanced by an average and maximum of 10%-13%,
17%-20% and 26%-29% for NB ¢ of 0.25%, 0.6% and 1%, respectively.

The viscosity of the PAO/hBN nanofluids is larger than the PAO base fluid, so the experiments were run at higher velocities for the
nanofluids to reach the same Re as for the PAO. An alternative approach was used in Ref. [13] by having constant velocity for the base
fluid and the nanofluid experimental runs and then comparing their heat transfer performance, which resulted in lower heat transfer
coefficient, h for the A1203/water nanofluid that they used compared to the water base fluid. A fair and more reasonable comparison
would be the one with the same Re as in the present study despite the increase in the required pumping power. The increase in Nu for
the pure PAO shown in Fig. 8 is attributed mainly to enhancement in h (at the same k) as Re increases (U increases at the same p, D and
u). The increase in Nu with Re for the PAO/hBN nanofluids (Fig. 8) for all ¢ cases is attributed to the increase in h as Re increases
compared to h of the base fluid. The increase in h is more than the increase in k of the nanofluids, which resulted in Nu increase (Nu =h
D/k). There are two competing phenomena that affect h of nanofluids. When k increases, the resistance to thermal diffusion in the
laminar sublayer of the boundary layer decreases, which would increase h. At the same time, the higher viscosity of the nanofluids
causes the thickness of the sublayer to increase, hence its resistance to heat transfer. These two competing and conflicting phenomena
cause the increase/decrease (depending on the class of nanofluids) in h. For the PAO/hBN nanofluids investigated in the present work,
it is clear that the first phenomena (increase in k) has won over the second phenomena (increase in ) resulting in Nu increase.

The potential of the PAO/hBN nanofluids developed in the present study can be evaluated using the Mouromtseff number Mo [46,
55] for turbulent flow. Mo is defined as a function of all thermophysical properties of the nanofluids that are also included in Gnielinski
correlation [49,50]:

k0.8 p0,67 CPO.BS

Mo HOA47

(15)

Using Eq. (15), the Mo of the base fluid and the nanofluid can be compared under constant velocity condition and the fluid with
better heat transfer is the one with higher Mo. The ratio of the Mo for PAO/hBN to that of PAO base fluid in this study is found equal to
0.93. As a comparison, this ratio was found in Ref. [56] equal to 0.75 for A1203/water nanofluid and 0.89 for the SiC/water nanofluid.

4. Conclusions

The heat transfer performance of a new class of nanofluids of Boron Nitrite nanoparticles dispersed in PAO oil base fluid is
investigated experimentally. The thermophysical properties (viscosity, specific heat, thermal diffusivity and conductivity) of the
nanofluid are measured and appropriate relations are derived as a function of temperature and nano particle concentration. An
experimental setup is designed and built to measure the heat transfer coefficient of both base fluid and nanofluid as a function of
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Fig. 8. Nusselt number VS Reynolds number for PAO/hNB nanofluida and for PAO.
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Fig. 9. Nusselt number enhancement VS Reynolds number for PAO/hNB nanofluids compared to PAO.

Reynolds number. The following findings and conclusions are made:

The developed PAO/hNB nanofluids exhibit Newtonian behavior as a function of temperature (from —20 to 70 °C) and BN volume
concentration ¢ (0.25-1%).

The viscosity decreases with temperature for both PAO and PAO/hNB nanofluids and increases with ¢.

A viscosity correlation based on experimental data is developed that predicts the viscosity of PAO/hNB nanofluids as a function of
temperature and ¢ to within 7% of the experimental values.

The specific heat increases with temperature by 44% from 45 °C to 95 °C for PAO and by 48% for the nanofluid with ¢ = 1%.
The thermal conductivity (k) of nanofluids increases significantly compared to pure PAO and it increases by increasing ¢ up to 1%.
k is decreasing with temperature for both pure PAO and the nanofluids unlike other nanofluids in open literature.

The heat transfer enhancement in terms of Nussel Number (Nu) presented as the ratio of nanofluid Nu to PAO oil, showed average
and maximum values of 10%-13%, 17%-20% and 26%-29% for NB ¢ of 0.25%, 0.6% and 1%, respectively.

Two competing phenomena affect the heat transfer performance of nanofluids: the increase/decrease in resistance to thermal
diffusion in the laminar sublayer when k increases and viscosity decreases, respectively. For the PAO/hBN nanofluids in the present
work, the first phenomena (increase in k) caused the heat transfer enhancement.
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