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Scientists and researchers are enthusiastically utilizing novel technologies that can substantially reduce energy
consumption in diverse thermal systems. The foremost aim of the present investigation is to exploit the potential
of nanoparticles on the enhancement of heat transfer characteristics of refrigerant and tribological capabilities of
lubricant. Experimental investigations on the forced convection heat transfer characteristics of R134a/SiO,
nanorefrigerant (R134a + SiO,-polyalkylene glycol nanolubricant) are carried out. The effect of particle concen-
tration, heat flux, mass flux, and vapour quality are investigated. The friction reduction and anti-wear properties
of the nanolubricant are evaluated using four-ball tribo-tester. The results reveal that the presence of nanoparti-
cles in the refrigerant significantly enhances the heat transfer coefficient of refrigerant and the tribological behav-
iour of lubricant. The maximum increase in heat transfer coefficient is 163.2% corresponding to a particle
concentration of 0.4%. The presence of nanoparticles in refrigerant results in a marginal increase in pressure
drop. However, the penalty in pressure drop is insignificant compared to the enhancement in heat transfer. Ex-
cellent friction reduction and anti-wear performance are also manifested by the nanolubricant. The maximum re-
duction in the friction coefficient is 37.76% and that of wear scar diameter is 40.83%. Considering the heat transfer
and tribological characteristics, the optimum value of the particle volume fraction is 0.4%. SiO,-PAG
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nanolubricant can be considered as a potential energy-saving alternative to refrigerant compressor oils.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The enhancement of thermal properties of fluids by the dispersion
and stabilization of solid particles was established by Maxwell [1]
more than a century ago. The concept of nanofluid as the next genera-
tion heat transfer media was first introduced by Choi et al. [2].
Nanofluids are engineered colloidal suspensions of nanoparticles in
base fluids. Nanofluids have unique features which are quite different
from those of conventional solid-liquid mixtures in which millimeter
and/or micrometer-sized particles are added. Micro/mm-sized particles
settle rapidly, clog flow channels, erode pipelines and cause severe pres-
sure drops. All these shortcomings prohibit the application of conven-
tional solid-liquid mixtures. Stably suspended ultrafine nanoparticles
dramatically improve the thermophysical and heat transfer characteris-
tics of the mixture and improve its capability of energy exchange.

Abbreviations: COP, coefficient of performance; EF, enhancement factor; HTC, heat
transfer coefficient; HVAC, Heating, ventilation and Air conditioning; PAG, polyalkylene
glycol; TEM, transmission electron microscope; SEM, scanning electron microscope; Uv-
vis, Ultraviolet visible.
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Nanorefrigerants are nanofluids in which nanoparticles are
suspended in the refrigerant host fluid. The nanorefrigerants are of
two kinds, refrigerant-based and nanolubricant based. In the former
nanoparticles are directly dispersed into refrigerants, while in the latter
lubricant appended with nanoparticles is ultimately circulated along
with refrigerants [3]. Recently scientists use nanoparticles in refriger-
ants to improve the energy efficiency and overall performance of
HVAC systems. In refrigeration systems, when the refrigerant is circu-
lated through the compressor it carries traces of nanolubricant so that
the other parts of the system will have nanolubricant -refrigerant mix-
ture. Addition of nanoparticles in refrigerants results in remarkable im-
provement in thermophysical, and heat transfer capabilities which in
turn enhances the efficiency and reliability [4-6].

The boiling behavioural study of refrigerants appended with nano-
particles has great importance. The two-phase flow boiling phenomena
is complex in nature; it may become more complex in the presence of
nanoparticles. The nanofluid research community published limited ex-
perimental studies concern to boiling phenomena in nanorefrigerants.
Most of the studies are pertaining to pool boiling phenomena and are
conflicting in many ways as well. Liu and Yang [7] examined the effect
of Au nano-additive on the nucleate pool boiling characteristics of
R-141b. The results revealed the pool boiling heat transfer improving
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Nomenclature

Cp specific heat [Kk]/kg K]

h heat transfer coefficient [W/m? K]

H enthalpy [Kk] /kg]

k thermal conductivity [W /m K]
mass of nanoparticles [g]

M mass flow rate [kg/ s]

Pr Prandtl number

Re Reynolds number
temperature [°C]

X vapour quality

Greek symbols

© volume fraction [%]

u dynamic viscosity [cP]

p density [kg/ m]

Subscripts

bub bubble point

bf base fluid

f fluid

g gas

eff effective

i inside

in inlet

l liquid

np nanoparticle

0 outside

out outlet

p particle

pre pre-heater

sat saturation

test test section

w wall

fe liquid gas mixture

1,0 refrigerant oil mixture

1,n,0 refrigerant nano-oil mixture

tp two-phase

potential of Au particles. Enhancement in nucleate pool boiling HTC of
nanorefrigerant is reported by Park and Jung [8] also. The experimental
evaluation of two-phase flow boiling heat transfer characteristics of
nanorefrigerants is scarce. Interestingly, both enhancement and detri-
ment effects in flow boiling heat transfer with the addition of nanopar-
ticles are reported in the literature. Peng et al. [9] reported the influence
of CuO nanoparticles in R113 refrigerant flow boiling inside a horizontal
smooth tube. According to their studies, the heat transfer coefficient of
refrigerant mixed with nanoparticles was higher than that of pure re-
frigerant. Henderson et al. [10] quantified the influence SiO, nanoparti-
cles on flow boiling of R134a and show that direct dispersion of SiO,
nanoparticles in R134a results in the decrease of heat transfer coeffi-
cient. Sun and Yang [11] portrayed the flow boiling characteristics of
four types R141based nanorefrigerants with different nanoparticles
and concluded that at constant mass velocities, the concentration of
nanoparticles is the major factor which influences the heat transfer co-
efficient. Akhavan-Behabadi et al. [12] researched the influence of CuO
nanoparticles on flow boiling of R600a/o0il mixture and an improvement
in the flow boiling heat transfer coefficient is reported. The phase
change heat transfer is a key area of research as far as nanorefrigerants
are concerned. Controversies are still subsisting and the scientific com-
munity has not arrived at an ample conclusion. Contradictory results
should not disparage researchers but increase the enthusiasm and en-
courage them to concentrate on the key research frontline.

Addition of chemical compounds, commonly known as additives,
has been a well-known practice to enhance the tribological characteris-
tics of lubricants [13]. Fine solid metal particles have also been
employed as anti-friction and anti-wear additives to oils for enhancing
their thermophysical and tribological properties [33,34]. According to
the investigations [14-17] that have been conducted, the presence of
nanoparticles in oils may enhance their lubricating properties, this
would, in turn, result in an increase in the durability of the components.
Castillo and Spikes [18] investigated the lubricating behavior of simple
colloidal systems consists of silver and carbon black particles and min-
eral oil. They studied the effect of nanoparticles on the contact surfaces.
The results exposed the formation of a tribo-film at lower speeds when
the lubricant film thickness is less than the particle diameter and its dis-
appearance at higher speeds. The silver-based nanolubricant reduces
friction and wear in the thin film regime, but the carbon black colloid
shows a negligible beneficial effect. The lubrication mechanism of nano-
particles is found to be complex since there are large numbers of
nanoparticles and each of them may work in different ways in diverse
applications [19].

Even though few studies are available in the literature regarding the
capabilities of nanoparticles as an additive to lubricants, the studies
with refrigerant compressor oil based nanolubricants are scarce. The
HVAC industry has been working actively to improve the efficiency of
various thermal systems. Improved efficiency could eventually result
in reduced energy consumption, reduced global warming and other
favourable influences on sustainability. This will generate a necessity
to evaluate the heat transfer performance of nanorefrigerants as well
as the tribological potentials of nanolubricants.

The present study focuses on the experimental investigations on the
two-phase flow boiling heat transfer characteristics of R134a refrigerant
appended with SiO,-PAG nanolubricant in a horizontal smooth tube at
various particle concentrations, heat fluxes, mass fluxes, and vapour
qualities. Furthermore, tribological characterization of polyalkylene gly-
col oil dispersed with SiO, nanoparticles at different particle concentra-
tions is conducted to elucidate the friction reduction and anti-wear
capabilities. The result obtained from this study will be useful in devel-
oping energy-efficient and compact refrigeration systems.

2. Experimental method
2.1. Materials and characterization

SiO, nanoparticles,(purity: 99.8%) spherical in shape supplied by
Sigma Aldrich Limited, USA is used in the present study. The particle
size is in the range the 10-20 nm, molecular weight is 60.08 g/mol, the
boiling point is 2230 °C and density is 2.6 g /cm> The commercially
available, fully synthetic, oil, based on Polyalkylene Glycol (PAG) with
a nominal liquid dynamic viscosity of 30-40 cP at 40 °C, is used as the
base fluid. Scanning Electron Microscopy (SEM) and Transmission elec-
tron Microscopy (TEM) are employed for the morphological character-
ization of SiO, nanoparticles and nanolubricant respectively. Fig. 1(a)
shows the SEM image of dry SiO, nanoparticles, which reveals the dis-
tribution and shape of the nanoparticles. It can be seen that the particles
are in the form of agglomerates. These agglomerates have to be broken
during the preparation of nanolubricant to produce a stable suspension.
It can be accomplished through magnetic agitation and subsequent
ultra-sonication.

2.2. Preparation of nanolubricant

Preparation of nanolubricant is the primary step in the experimental
studies. Nanofluids are not mere solid to fluid suspensions. In order to
achieve even, stable and durable suspension with a negligible aggrega-
tion of particles, special procedures are necessary. Nanolubricant sam-
ples are prepared by the two-step method and no surfactants are
added. Nanolubricants are prepared at four different particle
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Fig. 1. (a) SEM image of dry SiO, nanoparticles (b) TEM image of SiO, suspension.

concentrations (0.1, 0.4, 0.6 and 0.8vol. %). The required mass of nano-
particles corresponding to the volume fractions is calculated (Eq. (1))
and weighed using a high precision electronic balance.

(m/ P) 5i0,

b= 1)
(rn/p)sio2 + (m/p)PAG

The preliminary mixing process of samples is carried out using the
magnetic stirrer for 1 h and then agitated using ultrasonic agitator
(BRANSON-3800) at a frequency of 40 kHz intermittently for 6 h with
sufficient cool-off period in a controlled atmosphere (25-30 °C) to ho-
mogenize the samples. No evidence of sedimentation or coagulation
was noticed after 120 h of preparation.

Fig. 1(b) shows the TEM image of the SiO, suspension. According to
the TEM image, the nanoparticles have almost similar morphological

characteristics such as physical appearance, shape, and size in the dis-
persion and are well distributed also. The average size of nanoparticle
was found to be 14.26 nm.

2.3. Stability studies

Dispersion stability of the nanolubricant is conducted by spectral ab-
sorbency analysis with UV-vis spectroscopy, which is one of the most
effective techniques to study the stability of nanofluids. The dispersion
stability was evaluated at room temperature by measuring the absor-
bance after 1st day and 5th days of preparation. The principle of work-
ing of Uv-vis spectroscopy is the Beer-Lambert law, which states that
the absorbance is directly proportional to the concentration of the spe-
cies in the colloid, absorptivity of the species and the path length [35].
Fig. 2 shows the UV-vis spectra of the nanolubricant. The SiO- particle
concentration considered for the stability study is 0.6 vol%. The peak ab-
sorbance obtained for the SiO,-PAG sample after the first day and fifth
day of preparation is 6.0 at a wavelength of 311 nm. This is an indication
of the presence of a higher population of nanoparticles in the
nanolubricant to interact with the light, which shows the stability.

2.4. Flow boiling heat transfer studies

Flow boiling heat transfer studies on pure refrigerant and
nanorefrigerants are conducted to ascertain the effect of nanoparticles
on the flow boiling heat transfer coefficient of the refrigerant R 134a.

24.1. Experimental test-rig

Experimental set up to conduct forced convective heat transfer stud-
ies is designed and fabricated in-house. The experiments are designed
according to ASTM D7863-17 standard. It is an international standard
developed in accordance with internationally recognized principles on
standardization and is a guide for the evaluation of convective heat
transfer coefficient of fluids in circular conduits. It covers the informa-
tion regarding the selection of methods for the evaluation of heating
and cooling performance of heat transfer fluids where forced convection
is the mode of heat transfer. Fig. 3 shows the schematic diagram of the
experimental setup.

The experimental apparatus includes a gear pump, flow meter, pre-
heater, test section, by-pass circuit, and a condenser. The preheater is
installed in the upstream of the test section to obtain the desired vapour
quality at the inlet of the test section. The test section is a smooth hori-
zontal copper tube with an outside diameter of 12.7 mm, thickness
0.7 mm and an effective length of 830 mm. A gear pump with a maxi-
mum capacity of 1500 kPa is used to circulate the refrigerant in the
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Fig. 2. UV-vis spectra of the SiO,-PAG nanolubricant (0.6 vol%).
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Fig. 3. Schematic diagram of the experimental setup.

cycle and to compensate for pressure drop. A condenser coupled with a
constant temperature circulator is used in the experimental set up to
condense the refrigerant from the test section. The temperature of the
condensing medium is kept well below the saturation temperature of
the refrigerant corresponding to the pressure to assure saturated liquid
at the inlet of the pump. A flow meter with an accuracy of 4-1.75% of full
scale is used to measure the refrigerant mass flow. Two tape heaters of
25 mm width and 1000 mm length are wrapped uniformly around the
test section and pre-heating sections and which are used as the heat
input source. The test section and pre-heating sections are thermally in-
sulated by glass wool pads and asbestos rope to reduce the heat loss to
the surroundings. Thermocouples are fixed on the surface of the test
section using thermal epoxy. The outside tube wall temperature is mea-
sured by T-type thermocouples (with an accuracy of 0.5 °C) fixed at 6
positions along the test section. The heat energy supplied to the test sec-
tion and pre-heating sections is assumed to be uniform. The pressures at
salient points are measured by pressure transducers with an accuracy of
1 kPa. The input power of each heater is controlled by a dimmerstat. The
refrigerant mass flow is carefully controlled by the needle valve and the
bye- pass circuit, which permits fine control over the mass flow.
Nanolubricant charge line is incorporated with the bye-pass circuit.
The experimental set up is tested thoroughly for any leaks before
conducting experimentations. Before charging the circuit with refriger-
ant, the required amount of nanolubricant is injected into the oil charge
port and closed with end plug. The mass fraction of lubricant is limited
to 2% because mass fraction beyond 2% results in a significant deteriora-
tion in heat transfer [23]. A known quantity (350 g) of refrigerant R134a
is then charged into the circuit through the charging line and the pump
runs for 1 h to homogenize the lubricant and refrigerant. During each
experimental test run, five sets of data were taken at intervals of
10 min each after the system reached a steady-state condition.

The temperature and pressure at the inlet of the pre-heating section
are continuously monitored and based on this it is assured that the fluid
is always saturated at the inlet of the pre-heating section. The enthalpies
at the preheating section and test section are evaluated using measured
temperatures and pressures. The heat transfer coefficient is calculated
based on the equations for pure refrigerant since the presence of oil
(2%) is not significant enough to affect the saturation temperature of
the refrigerant and thermodynamic cycle of the system beyond the un-
certainty. Baseline tests are conducted with pure refrigerant and heat
transfer coefficient is compared with that obtained from correlation
for R134a [20]. The experiments are then conducted with R134a/pure
lubricant and R134a/SiO, nanolubricant at different volume fractions
(0.1, 0.4 and 0.8 vol%) to observe the effect of the addition of

nanoparticles on the flow boiling heat transfer characteristics of refrig-
erant. The flow boiling heat transfer test rig is cleaned with acetone
after each experiment with nanolubricant and the baseline tests with
pure refrigerant are repeated to confirm whether any deviation in test
results due to the entrapment of nanoparticles inside the test rig. No sig-
nificant changes are observed in the repeated tests, it indicates that
there is no permanent modification inside the test rig due to the pres-
ence of nanoparticles. The experimental conditions are shown in Table 1

2.5. Data reduction

2.5.1. Heat transfer coefficient

The boiling point of the refrigerant-oil mixture is slightly higher than
that of pure refrigerant. Thome [21] proposed that the correct thermo-
dynamic manner to calculate the heat transfer coefficient is using the
bubble point temperature, Ty, instead of Ty, and also reported that
the difference between Ty, and Ty, becomes significant only when the
vapour quality is higher than 80%. The bubble point temperature of
R134a-PAG oil with an oil concentration of 2% is calculated using the em-
pirical correlation [22,23] and no difference between the saturated tem-
perature and bubble point temperature is observed. Therefore the local
flow boiling heat transfer coefficient is calculated according to Eq. (2).

q
h=—"+— 2
Tw‘i_Tsaf ( )

where, h is the heat average transfer coefficient, W/m?K, q is the heat
flux in W/m?, Ty, ; is the inside tube wall temperature in °C, Ty, is the sat-
uration temperature of the refrigerant, which is determined by the va-
pour pressure curve and the measured pressure. The inside tube wall
temperature is calculated by the heat conduction equation based on

Table 1

Experimental conditions.
Parameters Range
Refrigerant R134a

Lubricant oil Poly alkylene glycol
Mass fraction of oil (%) 2

Nanoparticle Si0,

Nanoparticle volume fraction (%) 0.1,04 and 0.8
Mass flux (kg/m?s) 34 and 47

Vapour quality 0to 0.5

Heat flux (kW/ m?) 0.45 t0 5.0
Pressure(kPa) 450-800
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the measured outside tube wall temperature,

: Qtest In (dO/di)

Tw,i= Tw,ochL (3)
where, Qs is the heat applied to the test section in W, d, and d; are the
outside and inside diameter of the test section respectively in m. k. is the
thermal conductivity of the copper tube in W/m K, L is the effective
heating length of the test section in m and T,,,, is the outside wall tem-
perature of the test section, which is equal to the arithmetic mean of
the temperatures measured by 6 T-type thermocouples,

6
Ty - Zha(Tus) “

The local vapour quality is calculated using the following standard
equations.

HV:Hf-‘erg (5)

where Hy is the total enthalpy in kj/kg, Hrand Hy, are the enthalpies of
liquid and enthalpy of the liquid-gas mixture in kJ/kg respectively.

Xin = (Hin_Hf,in)/Hfg.in (6)

where x;, is the inlet vapour quality of the test section, H;, is the en-
thalpy of the refrigerant at the inlet of the test section, in kj(kg) ™",
Hyin and Hg, i, are the inlet enthalpies of liquid and liquid gas mixture

corresponding to inlet pressure of the test section, in kJ/kg
Hin = Hpre,in + Qpre/M (7)

where,

H;, is the enthalpy of refrigerant at inlet of the test section in kJ/kg,
Qpre is the heat added to the preheater in W, hyr, in is the enthalpy corre-
sponds to temperature and pressure at the inlet of the pre-heater section
and M is the mass flow rate of the refrigerant in kg/s. The inlet enthalpy
of the preheater is determined with the help of inlet temperature and
pressure of the preheater (by using NIST refrigerant properties [28]).

Xout = (Hout_Hf‘aut)/Hfg‘out (8)

where X, is the outlet vapour quality of test section, h,, is the enthalpy
at the outlet of the test section, KJ/kg, Hyou¢ and Hg ¢ are the outlet en-
thalpies of liquid and liquid gas mixture respectively corresponding to
the outlet pressure of the test section in kj/kg.

The outlet enthalpy of the test section is determined by,

( Qpre]\"'/‘[ Qtest) (9)

Hout = Hpre.in +
where Q. is the heat supplied at the test section in W.

The average vapour quality of the test section is the arithmetical
mean of the inlet and the outlet vapour qualities.

Xin + X,
Xtest :mTou[ (10)

where X is the average vapour quality in the test section.

2.5.2. Enhancement factor (EF)

In order to express the effect of the addition of nanoparticles to the
refrigerant quantitatively, a term is introduced as enhancement factor
(EF) [15] which is defined as the ratio between the heat transfer coeffi-
cients of refrigerant/nanolubricant mixture and the pure refrigerant/ lu-
bricant mixture.

hrn.O
EF = —= 11
firo (an

EF% = <W> +100 (12)
r,0

where h;.,,, and h;, are the heat transfer coefficients of refrigerant nano-
oil mixture (R134a/PAG/SiO,) and refrigerant pure oil mixtures (R134a/
PAG oil) respectively. If the value of EF is greater than 1, there is an up-
surge in the heat transfer coefficient, whereas as if the value is less than
1 there is degradation in heat transfer coefficient and if the value of EF
= 1, which indicates that nanoparticles have no influence on the heat
transfer coefficient.

2.6. Validation of the experimental system with pure refrigerant

Before conducting experiments with nanolubricants, the experi-
mental system is validated by conducting experiments with pure
R134a refrigerant. The accuracy and reliability of the experimental test
rig are evaluated by comparing the experimental data with that ob-
tained from the model proposed by Panek et al. [20]. Regarding the
slight differences in apparatus and operating conditions, trivial devia-
tions are expected. The correlation proposed by Panek et al. is described
here.

hy  3.686
m = 0563 (13)
where h; is the heat transfer coefficient of the liquid phase hy, is the
two-phase heat transfer coefficient, X is the Lockhart-Martinelli param-
eter.

(6 G

where x is the vapour quality, p, andp; are the vapour phase and liquid
phase densities respectively. 1y and i, corresponds to the liquid phase
and vapour phase dynamic viscosities respectively.

0.023k

hl - Zr,-

ReV® pr0 (15)

where, k; is the liquid phase thermal conductivity, r; is the inside radius
of the test section. Re; and Pr; are the liquid phase Reynolds number and
Prandtl number respectively.

2.7. Experimental uncertainty analysis

As far as the experimental investigations on heat transfer phenom-
ena are concerned, the major uncertainties are related to the measure-
ments of various parameters like temperature, pressure, mass flux,
heat flux, etc. The standard uncertainty is the positive square root of
the estimated variance of the individual uncertainties. This can be com-
bined to obtain the expanded uncertainty and which has been calcu-
lated based on the law of propagation [24] of uncertainty in the
following way.

12

R \* [OR \? R \?
R = {(axla)]) +<Ew2> +...+<6—ann> } (16)

where, oy is the uncertainty in the calculated result, @y, @, ... @, be the
uncertainties in the independent variables and x1,x,, ... X, are the inde-
pendent variables.

The estimated uncertainty associated with the experimental study is
summarized in the Table 2. The trial experiments are replicated for each
experimental condition, and the repeatability of experimental heat
transfer coefficients are found to be within 4.5%.
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Table 2

Experimental uncertainties.
Experimental parameters Uncertainty
Temperature (°C) +0.5
Length (mm) +0.5
Diameter (mm) +0.1
Current (A) +0.01
Voltage (V) +0.01

Pressure (kPa) +1
Mass flux (kg/m?s) +1.75%
Heat transfer coefficient (W/m?2K) +6.57%

2.8. Tribological characterization of nanolubricant

The energy efficiency and overall performance of the refrigeration
and air-conditioning systems can be improved by reducing the energy
consumption by the refrigerant compressor. Frictional power loss is
vital in determining the energy efficiency of compressors. Trivial saving
in power consumption may result in overall performance improvement.
Studies show that nanomaterials have the potential to improve the tri-
bological properties of lubricants. Hence it is imperative to unveil the
friction reduction and anti-wear potential of PAG based nanolubricants
before actual application in refrigerant compressors. The friction reduc-
tion and anti-wear characteristics of the base lubricant (PAG oil) and the
lubricant modified with SiO, nanoparticles are studied with a four-ball
tribo-tester. The relative wear preventive characteristics and friction co-
efficients of nanolubricants and base oil are determined according to
ASTM D 4172-94 and D 5183-05 standards respectively. This standard
covers the procedures to evaluate the anti-wear characteristics of fluid
lubricants using four-ball wear testing machine. Three balls which are
known as bottom balls, having 12.7 mm diameter each are clamped to-
gether and which is submerged in the lubricant to be evaluated. The
fourth ball, having the same diameter referred to as the top ball is
pressed with a force of 392 N into the cavity shaped by the three balls
S0 as to obtain three, point contacts. The test is performed under a reg-
ulated temperature of 75 °C. The top ball is rotated with an rpm of 1200
and the tests last for 60 min. AISI standard chrome steel (E-52100) with
grade 25 extra polish with Rockwell C hardness 64-66 is used as the ball
material. Wear preventive characteristics of lubricants are compared by
using the average size of the scar diameters worn on the three lower
clamped balls. An optical microscope with an accuracy of 0.001 mm is
deployed to measure the wear scar diameter of the three stationary
balls with the tester.

3. Results and discussion

Si0,-PAG nanolubricants are prepared at different particle concen-
trations (0.1, 0.4, 0.6 and 0.8vol %). The morphological and stability
studies are executed to portray the dispersion characteristics of
nanolubricants. Forced convective heat transfer characteristics of pure
R134a, R134a + pure PAG oil and R134a/SiO,nanorefrigerant (R134a
+ Si0,-PAG nanolubricant) in a horizontal smooth tube has been car-
ried out at different mass fluxes, heat fluxes, vapour qualities, and par-
ticle concentrations. Tribological studies are performed to explicate
the friction reduction and anti-wear characteristics of nanolubricant.

3.1. Flow boiling heat transfer

Experiments are conducted with pure R134a, R134a + pure PAG
lubricant (2% mass fraction) and R134a + SiO,-PAG nanolubricant.
The heat flux is varied from 0.45 to 5 kW/m and vapour quality from 0
to 0.5. Two different mass fluxes of 34 and 47 kg/m? s are considered.
The particle concentrations selected for the study are 0.1, 0.4 and
0.8 vol%. For validating the experimental setup, experimental heat
transfer coefficients for pure R134a are compared with those predicted
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Fig. 4. Comparison of experimental data with correlation.

from Panek et al. correlation [20]. The comparison between experimen-
tal data and that predicted from correlation is shown in Fig. 4.

The deviation of experimental data with respect to correlation pre-
diction is from 1.95% to 21.5%. The average deviation recorded is
11.35%. Most of the experimental values are well below that maximum
noted deviation. The specified deviation may regard to the slight differ-
ences in apparatus and operating conditions. Deviation in a similar fash-
ion is reported by Henderson et al. [10]. The good agreement of
experimental values of heat transfer coefficient inspires to perform fur-
ther experimentation with the same experimental test rig.

3.1.1. Flow boiling heat transfer of pure R134a and R134a/PAG oil

Hermetic compressors are widely used in vapour compression re-
frigeration systems, in which, oils are intrinsic to lubricate the sliding
surfaces. During functioning, the refrigerant carries the traces of lubri-
cant and reaches the evaporative section. The presence of oil becomes
a key determinant on thermophysical properties of refrigerant such as
surface tension, viscosity, and thermal conductivity. Besides, it may
also become a vital factor in the formation of flow regime and eventually
in the heat transfer characteristics of refrigerant in the evaporator.

In order to perceive the effect of lubricating oil on the heat transfer
coefficient, experiments are conducted with pure refrigerant and refrig-
erant and PAG oil mixture. The experimental results of the heat transfer
coefficient of pure R134a and R134a/PAG lubricant at different vapour
qualities and mass fluxes are shown in Fig. 5

Pure R134a displays a higher heat transfer coefficient than that of
R134a-PAG mixture, especially at lower vapour qualities, at the two
tested mass fluxes. At higher vapour qualities, the refrigerant oil mix-
ture marginally enhances the heat transfer coefficient, i.e. at higher va-
pour qualities, the presence of lubricating oil contribute to the slight
upsurge in the HTC. Similar trends are reported for the case of HFC-
134a/PAG oil mixture and CFC-12/mineral oil mixture [25]. The en-
hancement in heat transfer apparently depends on the heat flux, the
flow rate, flow patterns, the type of tube, etc. As the vapour quality in-
creases, the process of vaporization progresses and the concentration
of oil becomes higher enough to cause phase separation, i.e. an oil-rich
phase and refrigerant rich phase. The former may acts as a coating at
the tube surface top and the latter flows through the lower portion of
the horizontal tube. The refrigerant portion in the oil-rich phase still
evaporates as the heat is conducted from the wall through the oil film
and eventually the heat transfer coefficient increases. As the mass flux
increases from 34 kg/m? s to 47 kg/m? s, the difference in HTC between
the pure refrigerant and refrigerant oil mixture is found to be marginal.
More specifically, at lower mass flux, the presence of oil decreases the
average heat transfer coefficient of pure refrigerant by 24%.



S.S. Sanukrishna et al. / Powder Technology 356 (2019) 39-49 45

180

B R134a+ Pure oil
A Pure R134a

160

140 4

120 4

h(WIm°K)

100 4 A L]

80 -

60 L]

40 T T T T
0.0 0.1 02 0.3 04 0.5

Vapour quality (x)

(A)

B Ri34a+Pure oil
4 Pure R134a

2
e

h(Wim?K)

B

40 T T T
0.0 01 0.2 03 0.4

Vapour quality(x)

(B)

Fig. 5. Comparison of the flow boiling heat transfer coefficient of R134a/PAG oil and pure
R134a (a) at mass flux 34 kg/m? s (b) at mass flux 47 kg/m? s.

Nonetheless, at higher mass flux, it is observed as 8.18%. The HTC found
to be increased with an increase in mass flux. This reason for this is, by
increasing the mass flow rate consequences increase in flow velocity
and hence increase in Reynolds number, and transition of flow regime.
At lower mass fluxes the flow regime may be in the stratified region,
as mass velocity increases, the flow regime may transform into an annu-
lar pattern. Heat transfer coefficients are characteristically much higher
in the annular regime than in the stratified regime. The mass fraction of
lubricant is limited to 2% because mass fraction beyond 2% results in a
significant deterioration in heat transfer [20].

3.1.2. Flow boiling heat transfer of R134a/PAG oil and R134a/Si0, _PAG
nano-oil

With an aim to identify the effect of nanoparticles on the heat trans-
fer coefficient of refrigerant, experiments are conducted with refriger-
ant/pure lubricant mixture and refrigerant/ nanolubricant mixture
with different volume fractions under identical test conditions. Mass
flux is varied to expose the impact of mass flux on HTC.

Fig. 6 shows the comparison of the heat transfer coefficient of refrig-
erant/pure lubricant and refrigerant/nanolubricant at various volume
fractions and mass fluxes. It is obvious from the figures that the pres-
ence of nanoparticles in the refrigerant has a crucial impact on the
flow boiling heat transfer characteristics. It is evident from the figure

that the presence of nanoparticles in the refrigerant manifested higher
heat transfer coefficient than that of refrigerant/pure lubricant mixture
at all the mass fluxes considered. From the figures, it is also clear that as
the mass flux increases, the heat transfer coefficient also increases. The
increase in HTC is due to higher liquid velocities at higher mass flux and
transformation of flow regimes. Nanolubricant with particle concentra-
tions 0.1, 0.4 and 0.8 vol% exhibits enhanced heat transfer coefficients at
all experimental conditions than the baseline tests with pure lubricant.
But for the case of 0.8% volume fraction, the heat transfer coefficient di-
minishes at higher vapour qualities. At higher particle concentration
(0.8vol %), it is conjectured that the viscosity of nanorefrigerant plays
a key role in HTC. The maximum heat transfer coefficient is exhibited
by the nanolubricant refrigerant mixture at a particle concentration of
0.4 vol%. The maximum value of HTC observed for nanolubricants at
0.1,0.4 and 0.8 vol% are 174.22, 232.57 and 177.68 W/m? K respectively
at a mass flux of 34 kg/m? s and the corresponding heat transfer coeffi-
cient for a mass flux of 47 kg/m? s is 196.12,219.31 and 190 W/m? K re-
spectively. Among the volume fractions considered, nanolubricant at a
volume fraction of 0.4% exhibits a maximum increase in heat transfer
coefficient by 31% and 34% compared to 0.8 and 0.1 vol% nanolubricants
respectively.

As the vapour quality increases, the local oil concentration in the
two-phase fluid turns out to be greater because lubricating oils have a
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Fig. 6. Heat transfer coefficient versus vapour quality at (a) mass flux of 34 kg/m? s
(b) mass flux of 47 kg/m? s.
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Fig. 7. EF versus vapour quality at (a) mass flux 34 kg/m? s (b) mass flux 47 kg/m? s.

higher boiling point than that of refrigerant. Higher dosing level of par-
ticles may result in augmented viscosity of lubricant, which in turn pen-
alties the Reynolds number. Due to this, the heat transfer enhancement
caused by turbulent mixing and agitation between bubbles and nano-
particles may be suppressed and which leads to a detrimental effect in
the HTC at elevated particle concentrations. Even though the
nanolubricant at higher volume fraction (0.8 vol%) manifested a de-
crease in HTC, it is on the higher side than that of pure lubricant at all
the tested conditions.

At all particle concentrations, nanolubricant displays enhanced heat
transfer performance than that of refrigerant/pure lubricant mixture.

The dominant mechanisms of this dramatic improvement in heat
transfer characteristics are: (i) The presence of nanoparticles in the
base fluid increases the thermal conductivity of the fluid [29] (ii) It is
conjectured that the active nanoparticles interact with the bubbles
and collapses in a quicker fashion. This phenomenon causes more liquid
to come in contact with the heated surface and which leads to a de-
crease in wall superheat required to initiate nucleation of bubbles.
Moreover, the active nucleation site density may also enhance due to
the presence of nanoparticles [30,31] (iii) the nanoparticles may form
a porous layer on the surface and increases the number of nucleation
sites. Furthermore, nano-sized particles can infiltrate into the bubble
zone near the heated wall surface and comes in contact with the surface

of the thermal boundary layer so as to generate more bubbles instantly
[32] (iv) There may be dynamic changes in the surface roughness of the
flow conduits due to intermittent activation and suppression of nucle-
ation sites and which in turn to be the major contributing factor for in-
creased nucleation boiling and heat transfer coefficients.

The effect of the addition of nanoparticle to the base refrigerant is
quantitatively measured by the enhancement factor. Fig. 7 shows the
EF (enhancement factor) for nanorefrigerants at 0.1, 0.4 and 0.8% vol-
ume fraction at two different mass fluxes. The enhancement factor in-
creases with an increase in particle concentration. However, for the
case of 0.8 vol% particle concentration, there is a decline in EF is noticed
at moderate vapour qualities. This can be explained as when the vapour
quality increases, the refrigerant content in the two-phase mixture de-
creases and the fluid will be rich in the lubricant. At increased particle
concentrations, the presence of nanoparticles in the lubricant will be
higher and the viscosity may also be at the higher side and this viscous
effect eventually decreases heat transfer coefficient. The maximum en-
hancement was manifested by R134a-SiO, nanolubricant at 0.4% vol-
ume fraction. The average increase in heat transfer enhancement
factor for 0.1, 0.4, and 0.8 vol% are 106.3%, 163.16% and 80.4%
respectively.

Fig. 8 provides an ample conclusion of the heat transfer enhanc-
ing potential of nanoparticles at a glance. It is evident from the fig-
ure that, the heat transfer coefficient of refrigerant nanolubricant
mixture is higher than that of pure refrigerant regardless of the
mass fluxes and heat fluxes considered. The factors which supple-
ment for the enhanced heat transfer phenomena other than the
dominant factors mentioned in the previous section are (i) the par-
ticle surface adhesion property, different types of the particle
should have different surface adhesion property. (ii) As the nano-
particle concentration increases, the interaction between the parti-
cles also increases and which leads to an increase in heat transfer
performance. (iii) the presence of nanoparticles enhances the ther-
mal conductivity of the refrigerant. (iv) the increased surface ten-
sion of nanorefrigerant at lower vapour qualities may results in
increased wettability than the pure refrigerant (v) the presence of
nanoparticles disturbs the boundary layer formation and eventually
decreases the boundary layer thickness, which reduces the thermal
resistance and leads to enhanced heat transfer [12].

3.2. Pressure drop characteristics
The general trend of pressure drop observed for both R134-pure lu-

bricant and R134a-nanolubricant is that, as the vapour quality increases,
pressure drop also increases. At lower concentrations (0.1 and 0.4 vol%),
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refrigerant/nanolubricant mixture exhibits insignificant variation in
pressure drop compared to pure refrigerant/lubricant mixture, within
the experimental uncertainty. However, a slight increase in pressure
drop is displayed by nanolubricant at a particle dosing level of 0.8 vol%
particularly at higher vapour qualities. The possible reason is that as
the vapour quality increases the flow transforms into shear dominant
and consequently turbulence is generated by high-velocity vapour,
which generates more friction against the liquid phase. As the particle
volume fraction increases, the phenomenon becomes more prominent.
Moreover, the increase in the population of nanoparticle enhances the
wall interaction and augments the collision between the particles. The
maximum increase in pressure drop measured is 4.5% compared to
pure refrigerant lubricant mixture. However, the recorded penalty in
pressure drop is insignificant compared to the enhanced heat transfer
capability, which in turn benefices the overall energy efficiency. The
variation in pressure drop is portrayed in Fig. 9. A similar trend,
i.e., insignificant pressure drop penalty was reported in the literature
by Bartelt et al. [26] for in-tube flow boiling of refrigerant/Cu0O
nanolubricant.

3.3. Tribological studies

The friction reduction and anti-wear characteristics of the base PAG
lubricant and the lubricant modified with SiO, nanoparticles with dif-
ferent volume fractions (0.1, 0.4 and 0.6 vol%) are determined with a
four-ball tribo-tester according to ASTM D 5183-05 and D 4172-94
standards.

3.3.1. Frictional torque and friction coefficient

The time-dependent frictional torque and friction coefficient for
pure lubricant and nanolubricants at different particle concentrations
are evaluated. The wear preventive potential of nanolubricant has
been evaluated by examining the wear scar morphology. The friction re-
duction characteristics of SiO2-PAG nanolubricants is portrayed in
Fig. 10.

From figures, it is evident that SiO, nanoparticles have a significant
role in the friction reduction capability of PAG lubricant. A substantial
diminution in the frictional torque and coefficient of friction is noticed
at all volume fractions considered, with respect to pure PAG lubricant.
The coefficient of friction is reduced by 1.02%, 28.57% and 37.76% for
0.1, 0.4 and 0.6 vol% respectively. For the case of SiO, nanolubricant, it
is also observed that as the particle concentration increases, the friction
reduction capability also increases. The coefficient of friction is found to
be slightly increased at the beginning of the test and as the time elapses
it gets stabilized. This is due to the initial polishing effect.

The mechanisms that are responsible for the wear prevention char-
acteristics of nanolubricants are categorized into two. The direct effect
of nano-additives, viz. the ball bearing effect and surface protective
tribo-film formation and the secondary mechanisms viz. mending or
repairing effect, polishing and smoothing effect [19]. The ball bearing ef-
fect is prominent in the case of spherical or quasi-spherical nanoparti-
cles. The nanoparticles dispersed in the lubricants are supposed to act
as minute ball bearings between the contact regions. The sliding contact
configuration between the counterparts is thus transformed to pure
rolling configuration or a mixture of rolling and sliding nature.

The formation of tribo-film between the interacting surfaces is
due to the reaction between the nano-additives and surfaces
under the operating and environmental conditions. The tribo-film
formation is governed by nature and type of the nanoparticles
and the interacting surfaces. Due to the interlocking of surface as-
perity and subsequent welding and detachment, there may be
loss in mass of the sliding surfaces. The secondary effect such as
mending or self-repairing effect comes in the picture at this mo-
ment. The nanoparticles compensate for the loss of material by de-
positing at the wear scars and grooves and which diminishes the
abrasive wear. The nanomaterials exhibit entirely different me-
chanical, thermal and electrical properties than its bulk material
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when they are downscaled to nano-size. According to the Hall-
Petch strengthening effect, the mechanical properties like hardness
and yield strength of nanoparticles increase with a reduction in
particle size [27]. The polishing effect is attributed by the nanopar-
ticle aided abrasion. The surface asperities could be eliminated by
three-body abrasion. Thus roughness of the contact surfaces gets
reduced and it gets polished. This will lead to a reduction in the
friction coefficient. Besides, during the smoothing process, the
space between the surface asperities may act as the sump of nano-
particles and the particles may fill the gaps which in turn diminish
the interlocking of surface asperities. The aforementioned multiple
mechanisms contribute to the enhanced tribological characteristics
with nanolubricants.

3.3.2. Wear preventive property of SiO2-PAG nanolubricant
The anti-wear characteristics of lubricants can be evaluated from the
wear scar morphology, especially from the wear scar diameter. The

load-carrying capacity and degree of wear depend on the wear scar di-
ameter (WSD). Greater the wear scar diameter, greater will be the wear
rate and lesser will be the load-bearing capacity of the lubricating oil
and vice-versa. The wear scar diameter of the bottom balls is measured
using an optical microscope.

From Fig. 11 (a) and (b) it can be concluded that the SiO,-PAG
nanolubricant at all volume concentrations demonstrated good anti-
wear property compared to the pure lubricant. The reduction in wear
scar diameter is maximized at 0.1 vol% by 40.83%. The corresponding re-
duction in wear scar diameter for particles concentrations 0.4 and
0.6 vol% are 22.48% and 12.6% respectively.

The increase in particle concentration increases the wear scar di-
ameter and thus reduces the relative wear preventive characteristics.
This is due to the abrasive nature of the agglomerated particles
under severely loaded conditions. Moreover, at higher nanoparticle
concentrations, the spherical shape of the nanoparticle will be altered.
This will eventually modify the nature of contact from rolling to
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sliding configuration. Furthermore, if the nanoparticle cluster size is
higher than the space between the surface asperities in the mating
parts, it could not penetrate between the surface asperities. The
nano racemes will be then accumulated around the contact zone
and which in turn serves as a barrier and hiders the free flow of lubri-
cant into the region. These effects enhance the wear rate and reduce
the wear prevention characteristics [19]. However, a substantial re-
duction in wear scar diameter is manifested by SiO,-PAG
nanolubricant compared to the pure lubricant at all the particle con-
centrations considered in the present investigation. Among the parti-
cle concentration considered, nanolubricant at 0.4 vol% can be an
effective option in the friction reduction and anti-wear perspective.
The prominent mechanisms for the better anti-wear characteristics
of nanolubricants are attributed to the increased probability of pene-
tration of the nanoparticles and their anchoring at the interfaces,
which prevents the metal-to-metal contact and the presence of a
strong and durable tribo-film [36].

4. Conclusions

The heat transfer characteristics of R134a refrigerant appended with
Si0,-PAG nanolubricant and anti-wear potential of SiO,-PAG
nanolubricant are experimentally evaluated. The energy efficiency of re-
frigeration systems primarily depends on the heat transfer capability of
the working fluid. Trivial savings in power consumption in compressors
are also found to contribute to the overall system performance enhance-
ment. The following conclusions are derived out of this study (i) the
heat transfer coefficient increases with increase in mass flux for both re-
frigerant/lubricant mixture and refrigerant/nanolubricant mixtures (ii)
R134a/Si0, nanolubricant exhibits significant improvement in the
flow boiling heat transfer coefficient than pure refrigerant at all particle
concentrations considered (iii) the maximum flow boiling heat transfer
coefficient is observed at a volume fraction of 0.4%, and at this volume
fraction, the average enhancement factor is observed as 163.2%. (iv)
the nanorefrigerant displays marginal increase in pressure drop com-
pared to R134-pure-PAG mixture (v) SiO,-PAG nanolubricant exhibits
superior friction reduction and anti-wear capability than pure lubricant
(vi) at volume fractions of 0.6 and 0.4%, significant reduction in coeffi-
cient of friction is manifested (37.76 and 28.57% respectively) (vii) the
wear scar diameter is decreased by 40.83% and 22.48% at 0.1 and
0.4 vol% respectively (viii) considering the heat transfer and tribological
characteristics, the optimum particle concentration is found to be
0.4 vol% (ix) addition of nanoparticles improves the overall perfor-
mance of refrigeration systems and which may lead to the development
of energy-efficient and compact HVAC systems.
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