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ABSTRACT

This paper experimentally investigated energetic and exergetic performance analysis of a domestic refrig-
erator using R134a and LPG refrigerants with different lubricants (polyol-ester (POE), mineral oil (MO),
and TiO,, SiO,, Al,05 nanoparticles dispersed in mineral oil).The energetic and exergetic performance
analysis of the domestic refrigerator were investigated with test parameters including compressor power
consumption, cooling capacity, coefficient of performance (COP), discharge temperature, irreversibility in
the components, total irreversibility and second law efficiency. Findings showed that the lowest com-
pressor power consumption and total irreversibility were observed in refrigerator with 40g charge of
LPG/TiO,-MO lubricant (0.2g/L of TiO,); these values of compressor power consumption and total ir-
reversibility were 15.87% and 31.69%, respectively, lower than for R134a/POE lubricant. In addition, the
domestic refrigerator using LPG refrigerant at 40g charge with TiO,-MO (0.2 g/L TiO,) lubricant, had the
highest COP and second law efficiency among the selected nano-lubricants. These values of COP and
second law efficiency were 56.32% and 47.06%, respectively, higher than that of R134a/POE. Futhermore,
compressor discharge temperature of the domestic refrigerator with 40 g charge of LPG/TiO,-MO lubricant
(0.2 g/L of TiO,) was found to be lower than that of R134a/POE. Hence, extended compressor life may be
expected with the adoption of TiO,-Mineral oil lubricant. It can be concluded that based on energetic and
exergetic performance analysis, the domestic refrigerator using the 40g charge of LPG/TiO,-MO (0.2 g/L
TiO,) performed better than R134a/POE.

© 2018 Elsevier Ltd and IIR. All rights reserved.

Analyse énergétique et exergétique d'un réfrigérateur domestique fonctionnant
avec du GPL en remplacement du R134a, utilisant du lubrifiant POE et des
lubrifiants a base d’huiles minérales TiO,, SiO, et Al,0s.

Mots-clés: GPL; Nano-particules; COP; Irréversibilité totale; Rendement exergétique; Réfrigérateur domestique

1. Introduction

modynamic systems. Besides, substantial advancements has been
witnessed in numerous applications that employed these analyses

Energy and exergy performance analyses can be used to in- recently. Because energy analysis is based on the First Law of Ther-
crease utilization proficiency of energy resources of various ther- modynamics which does not consider change in quality of energy,
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the influence of process environment and irreversibility during the
processes in systems, it makes conventional thermodynamic exam-
ination techniques rather inadequate. To conquer this inadequacy,
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Nomenclature

e specific exergy, k] kg1
S entropy, k] kg=1 K-!

T temperature K

I irreversibility, kW

GWP global warming potential

P pressure, Bar

h enthalpy, k] kg~!

Y compressor power kW
Q cooling capacity, kW
MO mineral oil

POE polyol ester oil

LPG liquefied petroleum gas
Ur total uncertainty

Uy, uncertainty of each independent variable
E total exergies, W

Greek Letters

& mass flow rate, kg s!
n dynamic viscosity, Pa s
0 density, kg m—3

n second law efficiency (%)
Subscripts

evap evaporator

Cap capillary

Comp  compressor

Cond condenser

in inlet

Out outlet

b boundary

(0] dead state

f fluid

tot total

d discharge

the idea of exergy rapidly became a critical technique in recent
years. Exergy is characterized as the available useful work obtained
in a system, when brought to dead state or standard ambient con-
ditions (Rosen et al., 2008; Dincer and Rosen, 2005). No exergy lost
is assumed in an ideal energy transformation process, yet in actual
practice, the exergy loss (irreversibility) occurs, and it constitutes
the fundamental contrast amongst energy and exergy. Hence, ex-
ergy analysis is a more acceptable measure of environmental and
economic performance of a process than energy analysis. Since ex-
ergy investigation measures location, types, and magnitude of ex-
ergy loss in a system, its analysis can be used to enhance the ef-
fectiveness of such systems (Bejan, 2002); exergy analysis can also
be used to determine subsystems performances (Fang et al., 2005),
and can discover the part having the most and the least exergy
loss within a system. In exergy analysis, the principles of conser-
vation of energy and mass and the second law of thermodynamics
are used to reveal improvement potential of subsystems, and the
overall performance of the system. Due to the continuous thermo-
dynamic phase change processes in refrigeration systems, energy
analysis alone is not sufficient, but also requires exergy analysis
(Hepbasli, 2007). Various researchers had considered the theoret-
ical and experimental exergy analysis of refrigeration system (see
Arora and Kaushik, 2008; Kabul et al., 2008; Ahamed et al., 2010;
2011; Saravanakumar and Selladurai, 2014 Raveendran and Sekhar,
2017; Golzari et al.,, 2017 and Gill and Singh, 2017a). These litera-
tures alluded in this paper, emphasizes that exergetic analysis and

its derivatives give significant data over the corresponding energy
analysis, and thus proposed potential areas for performance im-
provement in a refrigeration system. According to the Kyoto Proto-
col, hydrofluorocarbon (HFC) refrigerants including R134a must be
discontinued, but many developing nations still made heavy use
R134a refrigerants (an HFC compound) in refrigeration devices, be-
cause their utilization have shown excellent thermodynamic and
thermophysical properties, thus bringing about reduced cost impli-
cations. However, securing a refrigeration system against leakage of
R134a (HFC) refrigerant is impractical and for all intents, leakages
of HFC refrigerants will contribute to global warming (Sanchez et
al., 2017), knowing fully well that R134a refrigerant has a high
global warming potential (GWP) of 1430 (Gill and Singh, 2017a;
2017b). Due to the attendant issue of global warming with HFC
refrigerants, instant prohibition of R134a is very essential for en-
vironmental safety. Apart from the attendant high GWP of R134a,
the refrigerant also has inherent side effect such as immiscibility
with mineral oils (Gill and Singh, 2017a; 2017b). Though R134a
is compatilible with Polyol ester oil (POE) compressor lubricants,
they are readily hygroscopic in nature (see Gill and Singh, 2017b;
2017c). These hygroscopic nature of POE lubricant increases affin-
ity for moisture build-up, thereby increasing frequency of mainte-
nance of compressors (Gill and Singh, 2017d; 2017e). Therefore, in
a bid to meet global convention objectives, the need for a suitable
long-term alternative refrigerants as suitable replacement to R134a
refrigerant is very essential (Mohanraj et al., 2011). One suitable re-
placement for R134a is Liquefied Petroleum Gas (LPG). Though dif-
ferent blends of LPG as refrigerants have flammability issues, they
are still being safely utilized in refrigeration systems provided they
are charged with limit of not more than 150g. They have advan-
tages of low cost, readily available in bulk quantity especially in oil
producing regions, zero Ozone depletion potential (ODP), and very
low GWP (Mohamed, 2015). Several researchers have reported LPG
refrigerant as bringing about significant improvement to energy
efficiency of refrigeration systems, and also an environmentally
friendly alternative to R12 and R134a refrigerants, with or without
the modification of existing refrigeration system. In a related work,
Akash and Said (2003) reported that LPG (composed of R290, R600,
and R600a, in the ratio of 30:55:15, by mass) gave better energy
performance when compared to R12. Furthermore, Fatouh and
Kafafy (2006), Ahamed et al. (2012), Srinivas et al. (2014),
Babarinde et al. (2015) and Adelekan et al. (2017), also reported
that LPG gave similar better energy performances in domestic re-
frigerator systems, when compared to R134a.

Furthermore, a new concept whereby nanoparticles are added
as additives into refrigerants to obtain a homogenous mixture of-
ten referred to as “nano refrigerant” is gradually gaining wide
recognition. Refrigerants are working fluids used in heat transfer
cycles undergoing continous phase change due to excessive rate
of heat transfer reactions. Although, most of the fluids can find
themselves a place in refrigeration cycles, only fluorocarbons or
chlorofluorocarbons are considered ideal refrigerant according to
general opinion. One-step and two-step methods are used to read-
ily synthesize nano-refrigerants; but between these two methods,
two-step is widely adopted for preparing nano-refrigerants due to
the simplicity of its technique. In this method, the nano-materials
(previously synthesized as dry powders, using thermal decompo-
sition or photochemical methods, or transition metal salt reduc-
tion, or ligand reduction and displacement from organo-metallics,
or metal vapor synthesis, and electrochemical synthesis meth-
ods (see Botha, 2007) having nano size between 1-100nm, are
added to compressor oil to form nanoparticle/oil mixture. This
mixture is dispersed by using any suitable dispersion techniques
such as ultrasonic agitation, magnetic force agitation, homogeniz-
ing, high-shear mixing (Yu and Xie, 2012). In one-step method,
vapor phase of nano-powders are condensed into a liquid hav-
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ing low vapor pressure, and dissolved in the liquid at the same
time. The nanoparticles are produced by applying a physical va-
por deposition method, or liquid chemical method (Sundar et al.,
2013). Several researchers in previous work, have used nanoparti-
cles for energetic and exergetic performance improvement of re-
frigeration systems (see Wang et al, 2003; Bi et al, 2008; Jwo
et al., 2009; Bobbo et al., 2010; Subramani and Prakash, 2011; Pad-
manabhan and Palanisamy, 2012; Sabareesh et al., 2012; Kumar
and Elansezhian, 2012; Lou et al., 2015; Azmi et al., 2016; Azmia
et al. 2017; Ohunakin et al., 2017, and so on).

In addition, the adoption of LPG as a refrigerant in refriger-
ation systems, with or without the need for slight modification
of the system, was recently reported to have brought about high
energy efficiency of the system, thus justifying their appropriate-
ness as a suitable alternative (Adelekan et al., 2017; Ohunakin
et al, 2017). In Ohunakin et al. (2017), the energetic performance
of a domestic refrigerator system with nanoparticle-lubricant mix-
ture and LPG refrigerant was reported. It was found in the work
that the application of TiO, and SiO, nanoparticles in the refrig-
eration systems, improved the energetic performance of the sys-
tem; Al,03-lubricant was found to be incompatible with LPG re-
frigerant because of the attendant high power consumption of
the refrigeration system with the use of the nano-lubricant. It
should also be noted in Ohunakin et al. (2017), that exergetic
performance analysis of the domestic refrigerator system using
LPG refrigerant (working fluid) and nanoparticle-lubricant mix-
tures, and the comparison of same with R134a refrigerant was
not examined. However, in this work, the energetic and exer-
getic performance analysis of a domestic refrigerator system con-
taining nanoparticle-lubricant mixtures and LPG refrigerant was
carried out, to extend the current frontier of knowledge. The
compressor power consumption, cooling capacity, coefficient of
performance (COP), discharge temperature, irreversibility in the
components of the refrigerator, total irreversibility, and the sec-
ond law efficiency of the refrigerator system, were the parameters
of the energetic and exergetic performance analysis, selected in
this research work. The parameters of the energetic and exergetic
performance analysis obtained with the nanoparticle-lubricant
mixtures and LPG refrigerant, were compared with parameters
obtained using R134a refrigerant with POE lubricant under similar
operating conditions.

1.1. Preparation of nanoparticle-lubricant mixtures

The selected nanoparticles namely: TiO,, Al,03 and SiO,, were
added separately to the lubricant in the compressor unit of the
system. The preparation and stability of the lubricant and nanopar-
ticle mixtures are essential. The desirable properties of nano-
lubricants like stablility, durability suspension, less coagulation,
and neutral chemical reaction were attained during nano-lubricant
preparation. Capella mineral oil (MO) (ISO viscosity grade 68) was
selected as a lubricant based on its compatibility with LPG re-
frigerant (Ohunakin et al. 2017). The selected nanoparticles (TiO5,
Al,03, and SiO,) were procured from Alfa Aesar and Aldrich Chem-
istry laboratories (see Table 3 for details on nanoparticle). The
nanoparticles were measured using digital weighing scale (OHAUS
Pioneer TM PA114) with measurement range of 0.0001-110g, and
mixed with 1 L of Capella mineral oil in order to synthesize the
nano-lubricants, as recommended for nanofluid preparation (Sendil
and Elansezhain, 2012). Scanning Electron Microsopy (SEM micro-
graph) and EDX diffractogram of Al,03 TiO,, and SiO, nanoparti-
cles are as shown in Figs. 1 and 2. In this work, two-step process
of preparation of nano-lubricant was followed as justified in the
work of Sendil and Elansezhain (2012). Samples TiO;, Al;,03 and
SiO, nanoparticles and mineral oil mixtures were separately pre-
pared with the aid of a magnetic stirrer for ten (10) hours. The

Table 1
Description of the refrigerator system.
S/IN  Refrigerator description Units
1 Evaporator size 62 L
2 Power rating 10w
3 Voltage rating 220-240 V
4 Refrigerant type R134a
5 Mass charge 100 g
6 Compressor type HFC (5.1 cm?; 2900 rpm)
7 Condenser type Natural air cooled
8 Capillary tube length 2m
9 Capillary tube inner daimeter  1.40 mm
10 Evaporator size 420 x 970 mm
1 Number of doors Single

blend was constantly being kept vibrated with an ultrasonic ho-
mogenizer for 15 h to completely isolate the nanoparticles, and to
prevent any of the particles in the blend from acquiring legitimate
homogenization. Proper agitation by sonication process was done
to ensure uniform dispersion and stability of the nano-lubricants in
the refrigeration system. No surfactant was added to the mixtures
as this may adversely influence their thermal conductivity and per-
formance. The prepared nanoparticle-lubricant mixtures (TiO,-MO,
Al,03-MO, and Si0,-MO) were later injected into the compressor,
through the compressor service port provided. Fig. 3 showed im-
ages of the selected nanoparticle-lubricant mixtures (i.e. TiO,-MO,
Al,03-MO, and Si0,-MO) held in test tubes.

2. Experimental setup and procedure

The experimental setup utilized for this examination consists of
a domestic refrigerator with an inherent 100W-R134a compressor,
air-cooled condenser, dryer, capillary tube and an evaporator sub-
component (Fig. 4). Fig. 4 illustrates the schematic diagram, spec-
ification of the experimental setup given in Table 1, while the ex-
perimental setup appears in Fig. 5. The apparatus was incorporated
with valves that are required for charging and releasing of refrig-
erants, and to enable the fitting of proper pressure gauges at de-
sired locations. Digital thermocouples K and pressure gauges were
incorporated into the experimental setup to capture temperature
and pressure of the refrigerant. The power utilization of the re-
frigerator compressor were measured with digital wattmeter hav-
ing 1% measurement accuracy. Characteristics of these measuring
instruments are shown in Table 2. The thermocouples and pres-
sure gauges were adopted to measure the different temperatures
and pressures respectively at the specified locations at 30 min
interval for a total observation period of 180 min. The test lo-
cation (experimental site) is in a tropical environment (Nigeria),
having an ambient air temperature range of 29-32°C and rela-
tive humidity of 51%. The room temperature was captured using
Rototherm surface temperature thermometers (Model BL301), hav-
ing a range of 0-400 °C. The experimental room was fitted with a
10 ton air-conditioner, to maintained the room condition (ambient
temperature and relative humidity), throughout the experimental
trials.

Tests were initially carried out for the manufacturer specified
charge of 100g for the R134a refrigerant utilizing polyol ester
(POE) based compressor oil. The 100g charge was to assess the
compressor power consumption, cooling capacity, COP, compres-
sor discharge temperature,pulldown time, irreversibility in parts
(compressor, condenser, evaporator and capillary tube), total irre-
versibility and second law efficiency, according to Padmanabhan
and Palanisamy (2012), and Gill and Singh (2017a). This was
done to generate the baseline data upon which nano-lubricant
based data could be compared. After running the tests with
R134a/POE lubricant, the polyol-ester (POE) oil was later replaced
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Fig. 1. Scanning electron microscopy of: (a) Al,O3 (13 nm), (b) TiO, (15nm), and (c) SiO, (5-15nm), nanoparticles.

Table 2
Characteristics of the measuring instruments.

S/N  Measured data Manufacturers specification ~ Range Uncertainty
1 Temperature Digital thermocouple K —50°C-750°C +1°C

2 Pressure Digital pressure gauge 5-5000 kPa +1%

3 Power consumption  Digital Watt/Watt-h-meter 1-3000W (0.0001-999.9kW h)  £1%

4 Flow meter Digital flow meter 0-20¢g/s +0.2%

with mineral oil (MO), and then with MO-nanoparticle mixtures
of the same concentrations. Trials were later repeated by utilizing
optimal charge of LPG (i.e. at 40g) as described in Ohunakin et al.
(2017), with mineral oil and then with the selected nanoparticle-
lubricant mixtures (TiO,-MO, Al,03-MO, and Si0,-MO), at 0.2 g/L
concentration of the selected nanoparticle (Ohunakin et al., 2017).
The tests of each nanoparticle-lubricant mixture, were conducted

to assess the optimal nanoparticle-lubricant mixture with the cri-
terion of highest COP and second law efficiency in line with rec-
ommendations of Poggi et al. (2008). After each test, the com-
pressor was flushed with pure mineral oil repeatedly until the
system becomes clean and free of any left over of nanoparticles.
The dryer component was changed each time the compressor oil
was to be changed. Each of the selected nanoparticle-compressor
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Fig. 2. EDX diffractogram of: (a) Al, 03, (b) TiO,, and (c) SiO, nanoparticles.

lubricants was mechanically agitated using an ultrasonic vibrator
(Branson M2800H) to entirely separate the nanoparticles, thereby
enhancing the uniformity of distribution inside the lubricant. The
nanoparticle-lubricant mixtures were later infused separately into
the refrigerator compressor. LPG refrigerant used for the study

was obtained locally and has a purity of 99.7%. The characteris-
tics of the nanoparticles used for the experiment are as indicated
in Table 3, while Table 4 showed the properties of the lubricat-
ing oil. The nanoparticles were measured on a digital weighing
balance (OHAUS Pioneer TM PA114) having a measuring range of
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Table 3
Characteristics of the selected nanoparticles.
S/N  Particle type Particle Size (nm Purity (%)  Manufacturer P code
1 Aluminium oxide (Al,03) 13 nm 99.8 Aldrich Chemistry 1001922903
2 Silicon dioxide (Si0,) 5-15 nm 99.5 Aldrich Chemistry 1001795587
3 Titanium dioxide (TiO;) 15 nm 99.7 Alfa Aesar -
Table 4
Characteristics of the lubricating oil.
S/N  Lubricating oil characteristics Units
1 0il type Capella mineral oil
2 ISO viscosity grade 68
3 Flashpoint —36°C
4 Density at 15 °C kg/L 0.91
5 Kinematic viscosity (mm?/s) at 40 °C 68
6 Kinematic viscosity (mm?/s) at 100°C 6.8
7 Viscosity index 22
8 Code 041562

Fig. 3. Pure mineral oil and prepared nanoparticle-lubricant mixtures (Al,03-MO,
Si0,-MO and TiO,-MO).

0.0001-110g, while the LPG refrigerant was measured using a dig-
ital weighing balance (CAMRY ACS-30-ZC41) having a measured
range of 5-30,000g. A vacuum pump (Sigma B-42: 1/4 HP Vac-
uum pump) was adopted for extracting spent refrigerant from the

system after each trial, in preparation for another experiment. Each
trial of the experiment was repeated five times to ensure repeata-
bility with reference to conditions given in Table 5.

2.1. Uncertainty analysis

The uncertainties for this work were estimated using
Schultz and Cole (1979) method. According to Schultz and
Cole (1979) method and Sheikholeslami and Ganji (2016), the
uncertainty of the desired parameter like R would be derived

e Capillary Tube

Compressor | |

Wattmeter

flow
meter /
< >}
6 Digital "
Temperature
Drier-Filter Indicator

O Temperature sensor
Refrigerant

® Pressure Gauges

1 1

LA

Condenser .

Fig. 4. Schematic diagram of experimental setup.
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Vacuum pump

Weighing Balance
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Digital Wattmeter

Digital Thermocouples K

Fig. 5. Experimental setup.

Table 5
Range of experimental conditions.

S/N  Parameter

Range of experiment

1 Refrigerant name R134a LPG (60:40 Propane-Butane Mixture)

2 Refrigerant charge 100 g 40 g

3 Compressor lubricant POE Mineral oil, Al,05, SiO, and TiO, nanolubricants
4 Nanoparticle lubricant concentration 0.0 g/L(TiO,)  0.2g/L (TiO,)

5 Test environment temperature 29-32°C 29-32°C

6 Capillary tube length 2 m 2m

7 Evaporator type Air cooled Air cooled

Table 6
Uncertainty in calculated parameters.

S/N  Parameters  Absolute uncertainty

1 T; +0.2°C
2 T, +0.2°C
T3 +0.2°C
3 Ty +0.2°C
4 Py, Py +2 kPa
5 P, P3 +5 kPa
6 Icomp +1.52 w
7 Icond +1.20 w
8 Ieap +0.72 w
9 levap +1.01 w
10 Tiotal +2.29 w
n Nex +1.23%
12 COP +2.13%

using Eq. (1):

1

n 22
Ug = Z(g—f%) (1)

i=1 !

Where Uy is the total uncertainty, Uy, is the uncertainty of each in-
dependent variable and n is the total number of variables (Schultz
and Cole, 1979). Table 6 illustrates the uncertainties of the param-
eters. For all the parameters, the maximum percentage uncertainty
was less than 3%.

3. Exergy and energy analysis

Exergy provides a measure of how far a particular system devi-
ates from the given state and the reference state. Overall balances
of exergy is illustrated in Fig. 6. In the real process of a system,
some of the exergies are consumed. Thus, the total exergy avail-
able at the output of a system (Eqy) is less than the total Exergy
at the inlet of a system (E;,). This amount of exergy that is con-
sumed is due to the irreversibilities in a system and is termed as
the total irreversibility (I;oy)- The general exergy balance can be
expressed in Eq. (2) (Gill and Singh, 2017a):

Ein —Eout = Itotal (2)

where E;, and Eqy are the total Exergies transferred by heat, work
and mass.

Eq. (2) can also be written as exergy balance for a control vol-
ume in a steady state process as expressed in Eq. (3):

ltotal = Zins'e - Zouté'e~l—Z [Q ( a %]
S fLosese o

where the first two terms are the stream exergy flows in which
& and e are the mass flow rate of refrigerant and specific exergy,
respectively. The next two terms are heat transfer exergy flows, in
which Q is the heat transfer rate through the boundary at temper-
ature Ty,; the last two terms are work exergy flows, where W is the
work rate. Potential, kinetic and chemical exergies are supposed to
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Fig. 6. Graphical presentation of general Exergy balance (Gill and Singh, 2017a).

be insignificant because of the elevation; also speed and chemical
changes are negligible respectively in a refrigeration system, while
only the physical exergy is taken into consideration in the system.
Specific exergy of a fluid circulating in the vapor compression re-
frigeration system may be expressed as shown in Eq. (4):

e=(h — T,S) — (ho — TySo) (4)

where Sy and hg are the entropy and enthalpy values of the dead
state of the refrigerant at temperature Ty

For the above exergy equations performed on primary compo-
nents (compressor, evaporator, condenser and capillary tube) of the
domestic refrigerator system given in Fig. 4, the component-wise
irreversibility can be determined from Egs. (5)—(8) (Padmanabhan
and Palanisamy, 2012). The thermophysical properties of the re-
frigerants used in this analysis were acquired from the property
database REFPROP 9.1.

3.1. Irreversibility in compressor (Icomp)

leomp = To{f S2-S1) + Weomp—&(hy — Iy )]/To} (5)

S, and h, are the entropy and specific enthalpy of the refriger-
ant at the exit of the compressor, while S; and h; are the entropy
and enthalpy of the refrigerant at the inlet to the compressor. In
addition, T, is the ambient temperature.

3.2. Irreversibility in condenser (I.onq)

Icond:TO{é |:(52 —S3 )_(hz_h3):|} (6)

Tcond

where S3 and hs are the entropy and specific enthalpy of the re-
frigerant at the exit of the condenser, and T.,,q is the condenser
temperature.

3.3. Irreversibility in capillary tube (Icqp)

Tcond

lcap=T0{$|:(S4—S3)—(h4_h3):|} (7)

where S4 and hy4 are the entropy and specific enthalpy of the re-
frigerant at the exit of the capillary tube.

3.4. Irreversibility in evaporator (levap)

(8)

Ievap:TO[E (S —S4)-— (’11—*'4)}

Tevap

where Teyap is the evaporator temperature. Total irreversibility can
also be written as:

Itotal = Icomp + Icond + Icap + Ievap (9)

The second law of efficiency of the vapor compression refrig-
eration system can be expressed as the ratio of the actual COP of
the cycle to the maximum COP of the cycle under the same condi-
tions. The second law of efficiency (nex) of the vapor compression
refrigeration system can be defined as:

Eout Itotal
Mex = F - E, (10)
The second law of efficiency can further be written as:
Eout Itotal
— -t _q_ toal 1
Tlex Ein WComp ( )

For a reversible process, the second law of efficiency is equal to
one, and may be less than one in another case.
The cooling capacity of the evaporator on refrigerant side as i.e.

Q =& (hh —hy) (kW) (12)

The coefficient of performance of the domestic refrigerator is
given by Eq. (13):
Q

COP =
WComp

(13)
In Eq. (13), Weomp is the compressor power consumption
4. Result and discussions

Results of the steady-state pressure and temperature readings
obtained for every trial during a closed door, no load, and contin-
uous cyclic (i.e. running without ON/OFF) working condition of the
compressor, were employed to select the required thermodynamic
properties of the LPG and R134a refrigerants from NIST REFPROP
software (version 9.1). The LPG refrigerant is a 60/40 Propane-
Butane mixture. The thermo-physical properties of R134a and LPG
were also imported from NIST REFPROP software version 9.1, and
utilized to calculate the parameters of the energetic and exergetic
performance analysis using Eqs. (4)-(12). The calculated energetic
and exergetic performance parameters of the domestic refrigerator,
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Table 7

Comparison of energetic performance parameters between R134a/POE lubricant and LPG with the selected lubricants (POE, MO, Al,03-MO,

TiO,-MO and Si0,-MO at 0.2 g/L concentration of nanoparticles).

S/N  Refrigerant  Lubricant Concentration of nanoparticle Weomp (W) COP To (°C) Qc (W) Lot (W) Nex (%)
1 R134a POE 0.0g/L 7512 154 68 115.68 53.66 28.57
2 LPG MO 0.0g/L 72.70 237 60 172.32 45.40 37.56
3 LPG Al,03-MO  0.2g/L 73.10 198 59 144.73 4313 41.00
4 LPG TiO,-MO? 0.2g/L 63.20 297 54 187.70 36.66 42.00
5 LPG Si0,-MO 0.2¢g/L 64.52 296 50 190.98 38.12 40.91

2 Optimum nano-based lubricant.

using 100g charge of R134a/POE, and 40g charge of LPG refrig-
erants with the selected lubricants (MO, Al,03-MO, TiO,-MO, and
Si0,-MO at 0.2 g/L concentration of the nanoparticles) are shown
in Table 7.

4.1. Parameters of the energetic performance analysis of the domestic
refrigeration system

The parameters of the energetic performance analysis of the do-
mestic refrigeration system, using 100g charge of R134a/POE lu-
bricant and 40g charge of LPG refrigerants with the selected lu-
bricants (MO, Al,03-MO, TiO,-MO, and SiO,-MO with 0.2 g/L of
the nanoparticles) were compared in Figs. 7-9. The pressure ratio
and the compressor power consumption of the domestic refrigera-
tor using 100g charge of R134a/POE lubricant, and 40g charge of
LPG refrigerants with the lubricants (MO, Al,05-MO, TiO,-MO, and
Si0,-MO with 0.2 g/L of the nanoparticle) were compared in Fig.
7(a) and (b). Fig. 7(a) showed that the LPG refrigerant with pure
MO and baseline mixture (i.e R134a/POE) has pressure ratio val-
ues of 5.31 and 5.41 respectively. Reduction of the pressure ratio of
LPG-MO in comparison with R134a/POE occurs in accordance with
Arun Kumar et al. (2014).In addition, Bi et al. (2011) concluded that
the addition of nanoparticles further reduces the suction and dis-
charge pressure of the compressor, as a result of which the pres-
sure ratio and the compressor power consumption are further re-
duced in comparison with the baseline working fluids (Kumar and
Elansezhian, 2014; Gill et al., 2018; Bolaji et al., 2014). Hence, pres-
sure ratio of LPG refrigerants with the lubricants (Al,03-MO, TiO,-
MO, and Si0,-MO with 0.2 g/L of the nanoparticle) was found to
be lower than LPG-MO lubricant by about 1.12-5.66%. The least
pressure ratio value of 5.0 was recorded with TiO,-MO lubricant
(0.2 g/L of nanoparticle concentration) which gave 7.4% reduction
from baseline mixture (i.e. R134a/POE) which was also having the
highest pressure ratio value (i.e. 5.41). The pressure ratio values of
5.22 for Si0,-MO, 5.31 for pure MO and 5.25 for Al,03-MO were
seen within the test rig (see Fig. 7(a)). Similarly, Fig 7(b) shows
that the compressor power consumption of the domestic refrig-
erator using LPG refrigerants with the lubricants (MO,Al,03-MO,
TiO,-MO, and SiO,-MO with 0.2 g/L of the nanoparticle) was found
lower than baseline mixture (R134a/POE) in the range of 2.69-
15.87% due to lower pressure ratio. Furthermore, the least com-
pressor power consumption was observed with LPG using TiO,-MO
lubricant (0.2 g/L of nanoparticle concentration) due to least pres-
sure ratio and found to be 15.87% lower than with 100 g charge of
R134a/POE lubricant, as shown in Table 7. Also, the daily energy
consumptions for all the mixtures seen in Fig. 7(c).

The comparison of the cooling capacity of the test rig with the
100 g charge of R134a/POE lubricant and 40 g charge of LPG refrig-
erants/lubricants (MO, with 0.2g/L of the nanoparticle) is shown
in Fig. 8(a). It was observed that LPG refrigerant has higher la-
tent heat than the 100g charge of R134a. Furthermore, the heat
transfer capability of nanofluids (base liquids homogenized with
nanoparticles) were enhanced immensely than the pure base lig-
uids (Ohunakin et al., 2017). Among these lines, the cooling ca-

LPG +MO+Al,0,
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Fig. 7. (a) Comparison of pressure ratio of R134a/POE lubricant and LPG refriger-
ants with the selected lubricants (POE, MO, Al,05-MO, TiO,-MO and SiO,-MO at
0.2 g/L concentration of nanoparticles). (b) Comparison of compressor power con-
sumption between R134a/POE lubricant and LPG refrigerants with the selected lu-
bricants (POE, MO, Al,03-MO, TiO,-MO and SiO,-MO at 0.2 g/L concentration of
nanoparticles). (c¢) Comparison of energy consumption per day between R134a/POE
lubricant and LPG refrigerants with the selected lubricants (POE, MO, Al,03-MO,
TiO,-MO and Si0,-MO at 0.2 g/L concentration of nanoparticles).

pacity of domestic refrigerator using LPG refrigerant with selected
lubricants were higher than R134a/POE lubricant between 1.41 and
33.81%. Furthermore, Table 8 showed that the cooling capacity of
the domestic refrigerator using the 40g charge of LPG refrigerant
infused with TiO,-MO lubricant (0.2 g/L of TiO,) was 31.52% higher
than with 100 g charge of R134a/POE lubricant.
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Table 8

Weomp, COP, Qc, Iror and 7 variations of LPG with MO and TiO,-MO lubricants taking R134a with POE lubricant as a baseline.

Sr. no Nano based lubricant |(Wc°'""‘}‘l};‘;;:z:m?'m )] |(C0Pmczéap;mca()1’wc )| KQM&&;‘SM )| ‘(’romll;:;;:r:upc )| |('1m’37t‘;:}wc )
(%) (%) (%) (%) (%)

1 MO 3.21 () 24.74 (+) 20.74 (+) 15.38 (-) 31.53 (+)

2 Al,03- MO 2.69 (-) 421 (+) 141 (+) 19.62 (-) 43.57 (+)

3 TiO,-MO 15.87 (-) 56.32 (+) 31.52 (+) 31.69 (-) 47.06 (+)

4 Si0,-MO 14.11 (-) 55.79 (+) 33.81 (+) 28.94 (-) 43.26 (+)

(—) Performance parameters lower than R134a.
(+) Performance parameters higher than R134a.
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Fig. 8. (a) Comparison of cooling capacity between R134a/POE lubricant and LPG
refrigerants with the selected lubricants (POE, MO, Al,03-MO, TiO,-MO and SiO,-
MO at 0.2g/L concentration of nanoparticle) (8). (b) Comparison of pulldown time
of R134a/POE lubricant and LPG refrigerants with the selected lubricants (POE, MO,
Al,03-MO, TiO,-MO and Si0,-MO at 0.2 g/L concentration of nanoparticle).
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Fig. 9. Comparison of COP between R134a/POE lubricant and LPG refrigerant with
the selected lubricants (POE, MO, Al,03-MO, TiO,-MO and SiO,-MO at 0.2 g/L con-
centration of nanoparticle).

Fig. 8(b) shows the behavior of the pulldown time of the mass
charge of 100g of R134a using POE lubricant and 40g of LPG re-
frigerant using lubricants (MO, Al,03-MO, TiO,-MO and SiO,-MO
with 0.2 g/L nanoparticles). Fig. 8(b) shows that the pulldown time
of the LPG refrigerant using MO lubricant, found to be lower com-
pared to R134a |/ POE due to the higher latent heat of evaporation
according to Gill and Singh (2017d). However, the pulldown time of

IiPG +MO+AIl,0, J

0 10 20 30 40 50 60 70 80
Discharge Temperature (°C)

Fig. 10. Comparison of compressor discharge temperature between R134a/POE lu-
bricant and LPG refrigerants with the selected lubricants (POE, MO, Al,03-MO, TiO,-
MO and Si0,-MO at 0.2 g/L concentration of nanoparticles).

the LPG refrigerant using nanolubricants (Al,03-MO, TiO,-MO, and
Si0,-MO) found less than the LPG refrigerant using MO lubricant
at about 8.3-25.0%; since the critical heat flux is enhanced when
the nanofluid is used as a refrigerant than the pure base fluid ac-
cording to Ohunakin et al. (2017).

The variation in the COP of the domestic refrigerator between
R134a/POE lubricant and 40g charge of LPG refrigerant infused
with different lubricants (MO, Al,03-MO, Ti0,-MO, and SiO,-MO
at 0.2 g/L concentration of nanoparticles) is shown in Fig. 9. Find-
ings showed that the LPG refrigerant at 40 g charge with TiO,-MO
lubricant (0.2 g/L of TiO,) had the highest COP on the refrigerator
system; this may be due to the fact that LPG with TiO,-MO lubri-
cant, gave the least compressor power consumption. Furthermore,
it can also be observed from Table 8 that the COP of the test rig us-
ing LPG refrigerant at 40 g charge with TiO,-MO lubricant (0.2 g/L
of TiO,) was 31.52% higher than 100g charge of R134a/POE lubri-
cant. Hence, LPG at 40g charge with TiO,-MO lubricant mixture
was selected as the best among the LPG/nano-lubricant mixtures
capable of replacing 100 g charge of R134a/POE in term of energetic
performance. This mixture can also be referred to as the optimum
blend according to the work of Poggi et al. (2008).

Fig. 10 depicts the compressor discharge temperature of the
domestic refrigerator using R134a (100g: POE) and LPG refriger-
ants with selected lubricants (40g: MO, Al,035-MO, TiO,-MO, and
Si0,-MO at 0.2g/L of nano-concentration). It was observed that
lower discharge pressure was obtained with LPG refrigerant when
compared with R134a refrigerant. On the other hand, the addition
of nanoparticle further reduced the compression ratio and com-
pressor discharge temperature (see Kumar and Elansezhian, 2014).
The compressor discharge temperature of the domestic refrigera-
tor using LPG with the selected lubricants gave lower values than
R134/POE lubricant, as shown in Fig. 10. It can also be observed
from Table 8 that the compressor discharge temperature of the do-
mestic refrigerator using 40 g charge of LPG refrigerant with TiO,-
MO lubricant (0.2 g/L of concentration), gave lower values of com-
pressor discharge temperature, than R134a/POE lubricant. About
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Fig. 11. Comparison of compressor irreversibility with R134a/POE and LPG with the
various lubricants (POE, MO, and nano-based at 0.2 g/L concentration of nanoparti-
cle).
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Fig. 12. Comparison of the irreversibility in the condenser between R134a/POE and
LPG with the selected lubricants (POE, MO, Al,05-MO, TiO,-MO and SiO,-MO at
0.2 g/L concentration of nanoparticle).

14 °C reduction was recorded during investigation; hence, extended
compressor life may be expected with the 40 g charge of LPG/TiO,-
MO lubricant (0.2 g/L of concentration).

4.2. Parameters of exergetic performance analysis of domestic
refrigerator

The irreversibility in the compressor of domestic refrigerator
working with 100 g charge of R134a/POE lubricant, and 40 g charge
of LPG refrigerants with the selected lubricants (MO, Al,03-MO,
TiO,-MO, and SiO,-MO at 0.2g/L of nanoparticle) is depicted in
Fig. 11. The irreversibility in the compressor by utilizing LPG with
the lubricants (MO, Al,03-MO, TiO,-MO and SiO,-MO at 0.2 g/L
of nanoparticles) resulted in lower values than R134a/POE lubri-
cant, because of the lower pressure ratio and compressor power
consumption associated with LPG when compared with R134a re-
frigerant. This reduction in values is between 2.21 and 18.15%. The
lowest value of compressor power consumption of the domestic re-
frigerator was found using the 40g charge of LPG refrigerant with
TiO,-MO lubricating oil (see Fig. 7). It should also be noted that the
least compressor irreversibility value was given by LPG/TiO,-MO
lubricating oil, because the mixture resulted in the minimum com-
pressor power consumption. The value of the irreversibility in the
compressor for the 40g charge of LPG refrigerant with TiO,-MO
lubricant (0.2 g/L of nano concentration), was found to be 18.15%
lower than the 100g charge of R134a infused with POE lubricant.

Fig. 12 depicts the irreversibility in the condenser of domes-
tic refrigerator with 100 g charge of R134a/POE lubricant and 40 g
charge of LPG refrigerants with the selected lubricants (MO, Al,03-
MO, TiO,-MO and SiO,-MO at 0.2g/L of the nanoparticle). The
heat transfer coefficients and thermal conductivity of hydrocar-
bon blends were found to be superior to R134a in the work of

LPG +MO+AL,0,
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Fig. 13. Comparison of the irreversibility in a capillary tube for R134a and LPG re-
frigerants with the various lubricants (POE, MO, Al,03-MO, TiO,-MO and Si0,-MO
at 0.2 g/L concentration of nanoparticles).

Adelekan et al. (2017). In the work of Ohunakin et al. (2017), the
heat transfer capability of nanofluids (base liquids that homoge-
nized with nanoparticles) was found to be greatly enhanced than
that of pure base fluids. Hence, irreversibility in the condenser uti-
lizing LPG refrigerant with the selected lubricants gave a reduc-
tion between 33.84% and 44.63% when compared with R134a/POE
lubricant. This is due to the inherent higher thermal conductiv-
ity and heat transfer coefficients. Enhancement in thermal con-
ductivity values of around 0.45-2.75% were observed by utilizing
Si0, and TiO, nano-lubricants when compared with the base lig-
uid (LPG), at the discharge line of the compressor; Al,03 nano-
lubricant had no effect on thermal conductivity with the base lig-
uid (LPG) (see Ohunakin et al., 2017). From the condenser, more
heat is exchanged to the atmosphere with TiO,-MO. Hence, the
least irreversibility in condenser was found with 40 g charge of LPG
using TiO,-MO lubricant (0.2 g/L of TiO,). It was further observed
that irreversibility in the condenser for the LPG at 40g charge us-
ing TiO,-MO lubricant (0.2 g/L nano-concentration), gave a 44.63%
reduction than that obtained with R134a at 100 g charge using POE
lubricant.

Fig. 13 illustrates the irreversibility in the capillary tube of the
domestic refrigerator working with 100 g charge of R134a (POE lu-
bricant) and 40g charge of LPG refrigerants with the selected lu-
bricants (MO, Al,03-MO, Ti0,-MO, and Si0,-MO at 0.2 g/L of the
selected nanoparticles). The irreversibility in the capillary tube of
a refrigeration system utilizing hydrocarbon blends i.e. LPG (40g
charge: MO lubricant), was found to be higher than that of R134a
(100 g charge: POE lubricant). This assertion was also confirmed in
the work of Padmanabhan and Palanisamy (2012). Hence, hydro-
carbon blends are found to encounter critical throttle losses when
compared with R134a. It was found in the work of Fatouh and
Kafafy (2006), that a reduction of mass flow rate in the capillary
tube using LPG (40g charge: MO lubricant), can be obtained by
increasing capillary tube length at constant internal diameter. Un-
der this condition, the entropy generation or irreversibility in the
capillary will reduce as per Gill and Singh (2018b). Furthermore,
the addition of nanoparticles to the base working fluid (LPG) has
made the working fluid (nanofluid) to increase in density and vis-
cosity, thereby compensating for the additional pressure drop (see
Li and Kleinstreuer, 2008). Hence, the irreversibility in the capillary
tube for LPG at 40 g charge with the selected lubricants (Al,03-MO,
TiO,-MO, Si0,-MO lubricants at 0.2 g/L concentration of nanoparti-
cles), was thus found to be lower than that of R134a (100 g charge:
POE lubricant) by about 33.60-43.43%. At the discharge side of
the compressor (of the domestic refrigerator), both SiO, and TiO,
nano-lubricant had about 0.99 and 6.09% increment in viscosity,
respectively, while for both LPG-MO and LPG-Al;03, viscosity val-
ues are the same at 103.97 mPa s (see Ohunakin et al., 2017). Due
to the high viscosity, substantial pressure drops happened in the
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Fig. 14. Comparison of the irreversibility in the evaporator for R134a and LPG re-
frigerants with the various lubricants (POE, MO, Al,03-MO, TiO,-MO and SiO,-MO
at 0.2 g/L concentration of nanoparticle).
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Fig. 15. Comparison of the total irreversibility for R134a and LPG refrigerants with
the various lubricants (POE, MO, Al,03-MO, TiO,-MO and SiO,-MO at 0.2 g/L con-
centration of nanoparticle).

capillary tube, and subsequently resulted in the least irreversibility
obtained in the capillary tube for the 40g charge of LPG based
TiO,-MO lubricant (0.2 g/L of TiO, concentration). In addition, it
was found that irreversibility in a capillary tube for the 40 g charge
of LPG based TiO,-MO lubricant, was 43.43% lower than that of the
100 g charge of R134a refrigerant with POE lubricant.

Fig. 14 depicts the irreversibility in the evaporator of the do-
mestic refrigerator with R134a at 100 g charge using POE lubricant,
and 40¢g charge of LPG refrigerants with the selected lubricants
(MO, Al,03-MO, TiO,-MO and SiO,-MO at 0.2 g/L concentration of
the respective nanoparticles). Thermal conductivity of LPG refriger-
ant was found to be higher than that of R134a refrigerant. Further-
more, heat exchange capability of nanofluids was found to be bet-
ter enhanced than that of the pure base refrigerant (Ohunakin et
al., 2017). It was also observed that the irreversibility in the evap-
orator utilizing LPG refrigerant with the selected lubricants (MO,
Al;,05-MO, TiO,-MO and SiO,-MO at 0.2 g/L concentration of the
respective nanoparticles) was lower than that of the 100g charge
of R134a refrigerant with POE lubricant, by about 14.80-28.69%. In
addition, it was discovered that LPG at 40g charge using TiO,-MO
lubricant (0.2 g/L concentration of TiO,), exchanged more amount
of heat during evaporation process at higher temperature and pres-
sure. LPG refrigerant at 40 g charge with TiO,-MO lubricant (0.2 g/L
concentration of TiO,) was thus discovered to give the lowest irre-
versibility in the evaporator, and found to be 28.69% lower than
that of R134a at 100g charge with POE lubricant.

Figs. 15 and 16 show the variations in the total irreversibil-
ity and second law efficiency of the domestic refrigerator, with
100 g charge of R134a/POE lubricant and LPG refrigerants at 40¢g
charge with the selected lubricants (MO, Al,05-MO, TiO,-MO and
Si0,-MO at 0.2g/L of the respective nanoparticles). Figs. 11 and
14 showed that the irreversibility in the most of sub-components
of the domestic refrigerator using LPG refrigerant with selected lu-
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Fig. 16. Comparison of second law efficiency for R134a and LPG refrigerants with
the various lubricants (POE, MO, Al,03-MO, TiO,-MO and SiO,-MO at 0.2 g/L con-
centration of nanoparticle).

bricants was lower than R134a/POE lubricant. Along these lines,
total irreversibility of LPG refrigerant with the selected lubricants
gave a reduction of between 15.38-31.69%, than that of R134a/POE
lubricant. A reduction in compressor power was also observed us-
ing LPG refrigerant with the selected lubricants (MO, Al,03-MO,
TiO,-MO, and Si0,-MO at 0.2 g/L of the respective nanoparticles)
than the R134a-POE lubricant see Fig. 7. Thus, the second law effi-
ciency values of LPG refrigerant/lubricants blends (i.e. MO, Al,03-
MO, TiO,-MO, and SiO,-MO at 0.2g/L of the respective nanopar-
ticles) increased by 31.53-47.06% than the R134a/POE lubricant
baseline by recalling the definition of second law efficiency. In
addition, irreversibility in the components and compressor power
consumption of domestic refrigerator utilizing LPG with TiO,-
MO lubricant were reduced. Hence, total irreversibility and sec-
ond law efficiency of domestic refrigerator utilizing LPG at 40g
charge with TiO,-MO lubricant (0.2 g/L concentration) improved
accordingly (i.e. minimum and maximum values, respectively) (see
Table 7). Furthermore, the total irreversibility and second law effi-
ciency of the domestic refrigerator using 40g charge of LPG with
TiO,-MO lubricant (0.2 g/L of TiO,) was adjudged the best; val-
ues of about 31.69% reduction and 47.06% improvement were ob-
tained for the irreversibility and second law efficiency respectively,
in comparison with R134a/POE lubricant at 100 g charge (Table 8).
Therefore, TiO,-MO lubricant mixture was selected as the optimal
nanoparticle-lubricant mixture in terms of exergetic performance
analysis of the working fluids.

5. Conclusions

From the study, the following conclusions were drawn:

1. Based on the energetic performance analysis of the domes-
tic refrigerator system, using R134a and LPG refrigerants with
the selected lubricants (i.e. POE, MO, TiO,-MO, SiO,-MO and
Al,03-MO with 0.2g/L of the nanoparticle), the COP value of
the 40 g charge of LPG/TiO,-MO (0.2 g/L of TiO,) was the high-
est. An improvement of about 56.32% was recorded when com-
pared with the 100 g charge of R134a/POE. In addition, the com-
pressor power consumption of the domestic refrigerator system
with the 40g charge of LPG/Ti0,-MO (0.2 g/L of TiO,), gave the
least value and found to be 15.87% lower than R134a (100 g:
POE lubricant).

2. The pulldown time and compressor discharge temperature
of the system with LPG refrigerants and the selected lubri-
cants (MO, TiO,-MO, Si0,-MO, and Al,03-MO at 0.2g/L of
the nanoparticles) were lower than that of R134a/POE lubri-
cant. It was also found that the pulldown time and compres-
sor discharge temperature with the 40g charge of LPG/TiO,-MO
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(0.2 g/L of TiO,), were lower than the 100 g charge of R134a/POE
lubricant, by around 20 min and 14 °C, resapectively.However,
the least pull down time and compressor discharge temperature
were observed with the 40 g charge of LPG/SiO,-MO (0.2 g/L of
Si0,).

3. Exergetic performance analysis of R134a and LPG refrigerants
with the selected lubricants (i.e. POE, MO, TiO,-MO, SiO,-
MO and Al,03-MO with 0.2g/L of the nanoparticle), showed
that the 40g of LPG/TiO,-MO (0.2g/L of TiO,) gave the low-
est and highest values of total irreversibility and second law
efficiency, respectively, with the domestic refrigerator. The to-
tal irreversibility and second law efficiency of the system us-
ing LPG (40 g: TiO,-MO oil with 0.2 g/L of TiO,), were respec-
tively found to be lower and higher than that of 100g charge
of R134a/POE lubricant, by about 31.69% and 47.06%.

4. In this study, TiO,-MO lubricant mixture was found as the op-
timal nanoparticle-lubricant mixture among the selected lubri-
cants, in terms of energetic and exergetic performances of the
working fluids.
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