
Applied Thermal Engineering 205 (2022) 118053

Available online 10 January 2022
1359-4311/© 2022 Elsevier Ltd. All rights reserved.

Comparative air conditioning performance using SiO2 and Al2O3 
nanolubricants operating with Hydrofluoroolefin-1234yf refrigerant 

M.Z. Sharif a,b, W.H. Azmi a,b,*, N.N.M. Zawawi b, M.F. Ghazali b 

a Department of Mechanical Engineering, College of Engineering, Universiti Malaysia Pahang, Lebuhraya Tun Razak, 26300 Gambang, Kuantan, Pahang, Malaysia 
b Centre for Research in Advanced Fluid and Processes, Lebuhraya Tun Razak, 26300 Gambang, Kuantan, Pahang, Malaysia   

A R T I C L E  I N F O   

Keywords: 
R1234yf 
Nanolubricant 
Cooling capacity 
Compressor work 
Coefficient of performance 

A B S T R A C T   

Nowadays, the automotive air-conditioning system operating with Hydrofluoroolefin-1234yf or R1234yf 
refrigerant is used to reduce the global warming potential. This study aims to investigate the performance of SiO2 
and Al2O3 nanolubricants with R1234yf refrigerant in the automotive air conditioning system. The polyalkylene 
glycol-based nanolubricant was prepared using a two-step preparation method, and the stability of the nano-
lubricant was assessed using visual sedimentation observation and zeta potential analysis. The experimental 
investigation on the performance of automotive air conditioning system with R1234yf was undertaken for the 
SiO2 and Al2O3 nanolubricants at different volume concentrations and various operating conditions. The system 
with SiO2 nanolubricant at 0.01% volume concentration demonstrated the best cooling capacity performance 
with an average enhancement of 15.7%. On the other hand, the highest coefficient of performance increment and 
power consumption reduction were attained up to 9.8% and 27.1%, respectively for Al2O3 nanolubricant at 
0.05% volume concentration. The SiO2 nanolubricant performed with better cooling capacity, higher power 
consumption and lower coefficient of performance than the polyalkylene glycol-based lubricant. In contrast, the 
Al2O3 nanolubricant improved the coefficient of performance and reduced the power consumption. Since both 
nanolubricants provide their respective advantages, more research into integrating the two nanoparticles for 
refrigeration systems with R1234yf refrigerant is encouraged.   

1. Introduction 

Today, almost all vehicle manufacturers are focusing on producing 
vehicles with lower energy consumption. This is due to government 
policies that encourage vehicles to be more energy-efficient and produce 
fewer harmful gas emissions. The introduction of hybrid and fully 
electric vehicles powered by electric motors and internal combustion 
has encouraged further improvement to the automotive air conditioning 
(AAC) system. The current trend is focused on producing the AAC system 
with less impact on the environment and more energy efficiency. The 
AAC system is a parasitic load that draws some power from the engine. 
Nam [1] found that the use of AAC in a vehicle decreased the mileage by 
20%, and increased the nitrogen oxides (NOx) by up to 80%. Currently, 
the world’s use of AAC is increasing due to the increase in vehicles. The 
increment in global ambient temperature was contributed by many 
factors [2]. However, the main issue is the use of refrigerants with high 
global warming potential (GWP). The refrigerant will exit the AAC 

system in the event of a leak and an uncontrolled discharge. The 
refrigerant is released into the air and trapped in the atmospheric layer, 
simultaneously forming a layer that traps heat and reflects it back to the 
earth’s surface. This condition is referred to as the greenhouse effect. 
Therefore, the primary concern of the present study is to focus on the 
replacement of the existing high GWP R134a refrigerant in the AAC 
system. 

R1234yf is one of the alternative refrigerants to replace the existing 
refrigerant R134a. The R1234yf has a low GWP of four and zero ozone 
depletion potential (ODP) [3]. The molecular feature of R1234yf is that 
it is chlorine-free and has a short atmospheric life [4,5]. Moreover, the 
thermodynamic properties of R1234yf are almost similar to those of 
R134a. Thus, it can be directly used in the existing AAC system without 
any major modification to the original system. This refrigerant also 
complies with the European environmental regulations [6]. However, 
the AAC system with R1234yf (AAC-R1234yf) performs with a lower 
coefficient of performance (COP) than the existing refrigerant of R134a. 
Hence, many car makers still do not use R1234yf in their AAC systems, 
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as pointed out by a few recent studies [5,7,8]. Today, various technol-
ogies and strategies are being used to improve the vapour compression 
refrigeration systems (VCRS) and the AAC systems. Some of the options 
to improve the energy efficiency of the air conditioning system are 
suggested, such as upgrading the system components, improving the 
operational management, and revising the control strategies [9]. 
Currently, most AAC systems with R1234yf are focused on improving 
the components of the system. Additional components such as internal 
heat exchangers (IHX) and ejectors are used in the AAC system to 
improve the efficiency. However, the modification of the AAC compo-
nent requires significant changes to the overall system, making it 
complicated. In addition, the development of the new component is 
time-consuming and requires extra maintenance costs due to the 
installation of additional components. Therefore, another option for 
improving the AAC system is to use recent nanotechnology to improve 
the properties of AAC working fluids such as refrigerants and lubricants 
[10]. 

Nanoparticles are dispersed into the existing lubricants to enhance 
the thermo-physical properties and are known as nanolubricants. 
Enhancement of the thermo-physical properties of nanolubricants such 
as thermal conductivity and viscosity has been reported in several recent 
studies [11,12]. The alteration of thermo-physical properties is one of 
the key solutions to enhance the VCRS performance for flow boiling heat 
transfer in the evaporator and condensation heat transfer in the 
condenser [4,13]. The nanolubricants also performed better than the 
original lubricants for tribology properties as well as rheology proper-
ties. Some of the improvements to tribology properties, for instance, 
coefficient of friction (COF), wear rate, and tear, have been reported in 
the recent literatures [14,15]. A small addition of nanoparticles into 
lubricants will slightly increase the viscosity of nanolubricants. A thicker 
viscosity of lubricant can maintain a better oil film between the moving 
surfaces, thus reducing friction. Although the viscosity of the lubricant is 
essential in mechanical systems, high viscosity will increase the power 
consumption. Thus, an optimum concentration of nanolubricants is 
necessary. Due to the increase in heat transfer capability and tribology 
performance, the recent study was reported with significant enhance-
ment of VCRS efficiency with nanolubricants [10]. 

However, to date, the effectiveness of nanolubricants in the VCRS 
using R1234yf is not available in the literature. Despite all the advan-
tages of nanolubricants, no related studies have been done with 

nanolubricants in the AAC-R1234yf system. Thus, an experimental 
evaluation is required to study the performance of the AAC-R1234yf 
system with nanolubricants. The use of nanolubricants with R1234yf 
in the AAC system is expected to solve the issues of performance, energy 
consumption, and the environment. Therefore, a systematic experi-
mental performance investigation at different volume concentrations as 
well as different types of materials for SiO2 and Al2O3 nanolubricants is 
performed in this paper to evaluate the applicability of the new type of 
polyalkylene glycol (PAG ND12) nanolubricants with R1234yf in the 
AAC-R1234yf system. 

2. Methodology 

2.1. Test rig and experimental setup 

The test rig was developed for air conditioning system with a cabin 
capacity of 2370.82 L and was initially designed for a compact car. The 
test rig includes a Sanden compressor (SWJ-7B08) with a multichannel 
condenser and evaporator with a static bulb thermostatic expansion 
valve (built to operate with 115 to 130 g optimal charge for the R134a 
and R1234yf refrigerants). The test rig is fully equipped with nine 
thermocouples, pressure gauges, and power meter to monitor the tem-
peratures, inlet and outlet pressures, as well as compressor energy usage 
throughout the experimental test. Fig. 1(a) and 1(b) show the schematic 
diagram and experimental test rig, respectively. Table 1 summaries the 
materials and equipment for the experiment. Table 2 shows the test rig 
instrumentation ranges and uncertainty. 

The AAC system in the present experiment was designed with 
capability to maintain the refrigerant temperature at 28 ◦C ± 1 ◦C before 
entering the compressor, regardless of the amount of refrigerant charge 
and compressor speed. The thermostatic expansion valve (TXV) will 
control the refrigerant mass flow rate and system pressure to maintain 
the temperature at this condition. In addition, the surrounding envi-
ronment near the AAC test setup was controlled and maintained at the 
temperature of 25 ◦C ± 0.5 ◦C and the humidity of 60 RH ± 10 RH [16]. 
The surrounding temperature and humidity were controlled to ensure 
the experimental data was under the same environmental conditions. 
The isentropic efficiency for the present AAC system is found between 
80% and 100% with an average of 88% at all ranges of initial refrigerant 
charge and compressor speed. 

Nomenclature 

Abbreviations 
AAC Automotive air conditioning 
ASHRAE American society of heating, refrigerating and air- 

conditioning engineers. 
COP Coefficient of performance 
HFC Hydrofluorocarbon 
ODP Ozone depletion potential 
PAG Polyalkylene glycol 
RH Relative humidity 
rpm Revolution per Minute 
RSE Relative standard error (%) 
SAE Society of Automotive Engineers 
TXV Thermostatic expansion valve 
TEM Transmission electron microscopy 
VCRS Vapour compression refrigeration cycle 

Symbols 
cp Specific heat for water at 303 to 313 K 
m Mass (kg) 
ṁw Water mass flow rate 

ṁr Refrigerant mass flow rate 
mrc Initial refrigerant charge (g) 
qL Heat Absorb (kJ ⋅ kg− 1) 
q̇L Cooling capacity (kW) at refrigerant side 
q̇w Cooling capacity of (kW) from the calorimetric bath 

calculation 
Serr Standard error 
T Temperature (℃) 
Tin Average temperature for water inlet 
Tout Average temperature for water outlet 
win Compressor work (kJ ⋅ kg− 1) 
ẇin Compressor power (kW) 

Greek Symbols 
ϕ Volume concentration (%) 
ρ Density (kg ⋅ m− 3) 
σ Standard deviation for sample 

Subscripts 
L Lubricant 
P Nanoparticle  
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Experiments were conducted to investigate the performance of the 
test rig to determine: (i) the effect of initial refrigerant charge (90 to 120 
g) on AAC performance; (ii) the effect of compressor speed (900 to 2100 
rpm) on AAC performance; and (iii) the comparison of AAC performance 
with different types of lubricants, namely PAG lubricant, SiO2/PAG, and 
Al2O3/PAG nanolubricants at different volume concentrations. The SiO2 
nanoparticles was manufactured by Beijing DK Nanotechnology and the 
Al2O3 nanoparticles was procured from Sigma-Aldrich. The SiO2 and 
Al2O3 nanoparticles were obtained with average particle sizes of 30 and 

13 nm, respectively, with 99.9% purity. In the present study, the 
nanoparticles was kept in a dry cabinet under controlled temperature 
and humidity to avoid any excessive moisture. Therefore, no heat 
treatment is required to dry the nanoparticles. The characteristics of 
nanoparticles are presented in Table 3. On the other hand, the charac-
teristics of R1234yf refrigerant [17] and PAG ND12 lubricants [18,19] 
are shown in Table 4. 

Fig. 1. The schematic diagram for experimental setup of the AAC system.  
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2.2. Preparation of nanolubricants and experimental procedure 

A two-step preparation was used to produce various PAG lubricant 
mixtures using SiO2 and Al2O3 nanoparticles as additives at 0.01, 0.03, 
and 0.05% volume concentrations. The two-step approach was widely 
employed in the literature and was discovered to be the most reliable 
method in the preparation of nanolubricants [20–22]. The present study 
was considered the nanolubricants at volume concentration of 0.01 to 
0.05% and was recommended in the prior studies [23,24]. Redhwan 

et al. [23] and Sharif et al. [24] proposed an optimum volume concen-
tration of 0.01% and 0.05% for Al2O3/PAG and SiO2/PAG nano-
lubricants, respectively, for the base lubricant PAG ND8 in the AAC 
system. Therefore, in the present study, the volume concentration of 
nanolubricants is considered to be between 0.01% and 0.05%. The 
quantity of nanoparticles was measured using a digital measurement 
scale and calculated by considering the volume of compressor lubricants 
using Eq. (1). An ultrasonic bath vibrator was used to disperse the 
nanoparticles in the mixture for up to 2 h, resulting in a homogeneous 
PAG-based nanolubricant at different volume concentrations. 

φ =

⎛

⎜
⎝

mp
mp
ρp
+ VPAG

⎞

⎟
⎠× 100% (1) 

In this experiment, the ultrasonic bath was manufactured by Fish-
erbrand Scientific with a model number of FB15051. The ultrasonic bath 
was designed with 80 W of ultrasonic mean power and the constant 
frequency of 37 kHz. The sonication parameter was fixed for this model 
and was used in the preparation of the present nanolubricants. Two 
hours of sonication time is considered in the preparation of nano-
lubricants to avoid any excessive overheating throughout the sonication 
process. The temperature and volume of water are kept constant and 
changed every half hour to maintain a consistent temperature. The ul-
trasonic bath was recommended for stability improvement of nano-
lubricant in the previous study [25]. The visual sedimentation 
observation method and zeta potential analysis were used to assess the 
stability condition of the present nanolubricants. 

Nanolubricants is a combination of PAG lubricants and nanoparticles 
with a size of less than 100 nm. In the present study, the characterization 
of the nanoparticles in liquid suspension was done by using transmission 
electron microscopy (TEM). TEM was useful to investigate the 

Table 1 
- Summary of materials and equipment for the experiment.  

Notation Materials/ 
Equipment 

Description 

1 Power Analyser 3-phase Power analysers from Lutron (model 
DW-6092) were used to measure electrical power 
characteristics and power consumption of the 
induction motor used to drive the compressor. 

2 Evaporator An evaporator is a heat exchanger with the 
function to absorb heat from the refrigerated 
space 

3 Electric Motor A 2.2 kW and 3-phase induction motor that drives 
the compressor via a belting system. The 
maximum speed of the motor is 2850 rpm. 

4 Compressor Type 
J8302 

The rotary vane fixed displacement compressor is 
commonly used in compact car type AAC system. 
The compressor has a maximum of 1.2 kW 
refrigeration capacity. 

5 Condenser The condenser is a heat exchanger with the 
function to release heat from the hot gas 
refrigerant discharged from the compressor to 
liquid-state refrigerant. 

6 Fan behind the 
condenser 

The fan forces the airflow to pass through the 
condenser to remove the heat from the 
condenser. 

7 Refrigerant, 
R1234yf 

Refrigerant is a working fluid of the refrigeration 
system by utilising the phase changes from liquid 
to gas and back again to cool down the 
temperature of cars and buildings. 

8 Air vacuum device A device to remove air and moisture from the 
setup by sucking them and creating vacuum 
pressure. The device is also used to check leakage 
of refrigerants. 

9 Pressure gauge An instrument to read the pressure reading in the 
high side and low side of the system. 

10 Water heater A 3.6 kW water heater to heat up the inlet water 
of the evaporator calorimetric system. It is also 
integrated with the pump and flow meter to 
maintain the constant flow rate of water and take 
the water flow reading. 

11 Water tank An insulated 60-litre water tank for the purpose 
of the evaporator calorimetric system. The 
evaporator will be placed inside of the tank; thus, 
the cooling capacity and the mass flow rate of the 
system will be determined. 

12 Computing system 
device 

It consists of a PC integrated with 16 channels 
data loggers of the temperature measurements. 
All the readings were stored in a computer. 

13 Frequency 
Inverter 

A 4-kW capacity frequency inverter was 
employed to run the electrical motor and control 
the compressor revolution speed.  

Table 2 
Test rig instrumentation ranges and uncertainty.  

No Measured Data Model Range Uncertainty 

1 Pressure Testo 550 digital pressure 
gauge 

0 – 6.5 
MPa 

± 0.001 MPa 

2 Temperature RS PRO Type K 
Thermocouple 0.6 mm 
Diameter 

− 50 ◦C to 
250 ◦C 

± 0.1 ◦C 

3 Power 
consumption 

Lutron DW-6092 Digital 
watt/ Power Meter 

0 – 9.99 
kW 

± (1%+

0.008 kW)  

Table 3 
Properties of Al2O3 and SiO2 nanoparticles at room temperature [45,46].  

Property Al2O3 SiO2 

Average Particle diameter, nm 13 30 
Thermal Conductivity, W/m ⋅ K  36 1.4 
Purity, % 99.9 99.9 
Specific heat, J/kg ⋅ K  773 745 
Molecular mass, g/mol 101.96 60.08 
Density, kg/m3 4000 2220 
CAS number  a. 1344–28-1 14808–60-7  

Table 4 
The characteristic of refrigerant R1234yf [17] and PAG ND12 lubricants 
[18,19].   

R1234yf PAG ND12 

Chemical formula 2,3,3,3 - tetrafluoropropene  
Chemical name CF3CF = CH2  

Group of refrigerants Hydrofluoroolefin (HFO)  
ASHRAE safety 

classification 
A2L – non-toxic & mildly- 
flammable  

Critical pressure 
(bar) 

34  

Critical temperature 
(◦C) 

95  

Boiling point @ 1 
atm (◦C) 

− 29  

ODP 0  
GWP 1  
ISO viscosity grade  46 cP 
Density  1.021 g.cm− 3 (40 ◦C) 0.976 

g.cm− 3 (100 ◦C) 
Viscosity index  216.157 
Kinematic viscosity  39.3 mPa.s (40 ◦C) 8.45 

mPa.s (100 ◦C) 
Flash point  − 36 ◦C  
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agglomeration and characterization of the nanoparticles in their sus-
pended form. It is crucial to review the size, shape, and dispersion form 
of nanolubricants, especially for the application of nanolubricants in the 
actual environment of the AAC system. This is because these parameters 
will affect the stability of actual dispersion in the system [26] and will 
alter the thermo-physical properties of the nanolubricant [27]. There-
fore, the TEM was used to detect nanoparticles dispersion in PAG lu-
bricants at high magnification scales. Subsequently, TEM scanning was 
used to estimate the average size, shape, and condition of the suspended 
nanoparticles in the nanolubricants solution. The cross-section region of 
each nanoparticle shown in the TEM image was determined to approx-
imate the average size of the particle diameter. The TEM images of 
nanolubricants with nanoparticles (Al2O3 and SiO2) are shown in Fig. 2. 
From the TEM images, the Al2O3 and SiO2 nanoparticles shapes are 
observed to be spherical. Fig. 2(a) shows the image of Al2O3 nano-
particles in lubricants with a magnification of × 88,000 and a scale of 50 
nm. The figure confirmed the spherical shape and 13 nm size of Al2O3 
nanoparticles, hence in agreement with the data provided by the 
manufacturer. Besides, Fig. 2(a) also shows the good dispersion condi-
tion of Al2O3 nanoparticles in PAG lubricants at this magnification scale. 
Fig. 2(b) presents the TEM image of SiO2/PAG nanolubricants at a 
magnification of × 88,000 with a scale of 50 nm. SiO2 nanoparticles 
were observed in a spherical shape and complied with the data stated by 
the manufacturer. The SiO2 nanoparticles dispersion state in PAG lu-
bricants was also found in good condition with minimal agglomeration. 
The distribution of the particle size was observed to be within ± 30 nm. 
The average size and shape of the individual Al2O3 and SiO2 nano-
particles distribution in PAG lubricants were confirmed in Fig. 2(a) and 
2(b), respectively. 

For each experiment, homogeneous mixtures of nanolubricant at 
various volume concentrations were injected into the compressor. The 
test rig was flushed with a vacuum pump in preparation for another 
experimental trial. The vacuum process is used to remove all re-
frigerants, compressor lubricants, and any moisture in the system. The 
experimental procedure for the AAC performance investigation followed 
the regulations and recommendations of the SAEJ2765 standard [16]. 
This method allowed the AAC system to start 20 min earlier, allowing 
the system to reach steady state. After 20 min, the pressure and tem-
perature of the AAC system were recorded for 10 min and continued 
with experimental data analysis. 

2.3. Experimental analysis 

The measured data such as pressure, temperature, and compressive 
power consumption were used to calculate some crucial parameters, 
including saturated vapour enthalpy at the compressor inlet (h1), hot 
vapour enthalpy at the compressor outlet (h2), and vapour enthalpy at 
the evaporator inlet (h6). The typical P-h diagram of the present VCRS 
cycle is shown in Fig. 3. All the calculations in the manuscript are based 

on the assumption of the ideal condition for the experimental analysis. 
Engineering Equation Solver (EES) software was used to calculate these 
data. All experimental data were analyzed to determine the behaviour of 
cooling heat transfer on the platform and to calculate COP, heat absorb 
(qL), cooling capacity (q̇L), compressor work (win), compressor power 
(ẇin), subcooling (tsc) and superheating (tsh). The ability of the evapo-
rator to absorb heat and the cooling capacity are used to evaluate the 
cooling effect of the AAC system. Eq. (2) describes the heat absorb 
calculation for the evaporator. The wind tunnel is replaced by a 
waterway in the evaporator area where the evaporator is immersed in a 
well-insulated container. The inlet temperature of the water passing 
through the evaporator is kept constant at 30 ◦C ± 0.5 ◦C. The difference 
between the inlet and outlet temperatures is used to calculate the 
cooling capacity by assuming the cooling effect of the evaporator is 
similar to the heat absorbed from the water. Eq. (3) defines the equation 
for cooling capacity [28]. 

qL = h6 − h1 (2)  

q̇L = q̇w = ṁwcp
(
Tw,out − Tw,in

)
(3) 

The variation of the mass flow rate (ṁr) for all experimental trials 
was calculated by following ASHRAE Standard 41.1–1986 [28]. This is 
done by finding the ratio of the measured cooling capacity utilisation 
and the heat absorb input at the steady-state, thus giving the mass flow 
rate for each experiment. Eq. (4) represents the refrigerant mass flow 
rate equation. 

ṁr =
q̇L

qL
(4) 

Fig. 2. TEM images of nanolubricants at X 88,000 magnifications.  

Fig. 3. P-h diagram of present VCRS cycle for R1234f refrigerant.  
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The impact on the compressor in the AAC system is evaluated based 
on the power consumption and the input or output compressor. Eq. (5) 
describes the compressor work calculation for the AAC system. 

win = h2 − h1 (5) 

Eq. (6) represents the compressor power calculation, and Eq. (7) 
defines the COP equation. 

ẇin = ṁr(h2 − h1) (6)  

COP =
qL

win
(7) 

In addition, the following assumptions are considered during the 
experimental investigation: (i) The discharge and condensation pressure 
deviations can be ignored, (ii) the evaporator inlet and outlet deviations 
can be ignored, (iii) the enthalpies at the condenser and evaporator exits 
are assumed to be the same (h5 = h6), and (iv) the cooling effect on the 
system can be ignored. 

2.4. Consistency analysis 

The data collection measurement errors for all performance param-
eters were calculated based on the percent relative standard error (RSE) 
presented by Yusri et al. [29]. According to Yusri et al. [29], consistency 
analysis is performed to ensure the reliability and reproducibility of the 
experimental results. As shown in Eq. (8), the relative standard error 
(RSE) method is used to determine the consistency and precision of the 
experimental data. The mean of the sample collection is denoted by X , 
the standard deviation is denoted by σ, and n represents the number of 
samples. Each experiment is repeated three times to acquire the average 
percentage of RSE. Table 5 illustrates the parameters of consistency. The 
maximum RSE is reported to be less than 1.22% for all parameters and 
within an acceptable range. 

RSE =
Seer

X
× 100 where the Standard error Seer is calculated using Seer =

σ
̅̅̅
n

√

(8)  

3. Results and discussion 

3.1. Stability of nanolubricant 

Researchers have described stability as nanolubricants validity [30]. 
The stability of nanolubricants is essential for the final application in 
commercial vehicles. Usually, most of the time, the vehicle is stored in a 
parking lot. In a continually moving system, nanolubricants will not 
experience any problems. This is because the vibration and compression 
processes experienced in the air-conditioning system will prevent the 
nanoparticles in the lubricants from clumping and settling. Instead, the 
nanolubricants in a stationary condition for a long time will cause them 
to clump and, subsequently, sediment in the air-conditioning system. 
Therefore, most of the stability studies for nanolubricants have been 
carried out in a stationary state. The nanolubricants with excellent sta-
bility and good nanoparticles dispersion in the base lubricants will have 
better thermo-physical properties [31]. The stability of nanolubricants 

will be examined in terms of the tendency for agglomeration and long- 
term deposition rates. In this study, nanolubricants stability will be 
measured immediately after preparation. The stability of the nano-
lubricants was measured by qualitative (visual sedimentation observa-
tion) and quantitative (zeta potential analysis) approaches. 

3.1.1. Visual sedimentation observation 
The stability of SiO2/PAG and Al2O3/PAG nanolubricants was 

observed using visual sedimentation analysis. The samples were pre-
sented in several identical test tubes. After the preparation process, the 
nanolubricants were aseptically transferred into the test tube. Then, 
visual observation was carried out by identifying the aggregation and 
deposition of the sample with time. Subsequently, the images of the 
samples were captured on the first day and after six months of prepa-
ration, as shown in Fig. 4. The figures indicate the stability conditions 
for various nanolubricants at different volume concentrations of 0.01% 
to 0.05%. All nanolubricants samples showed excellent stability condi-
tions without a visible trace of particles settling down at the bottom of 
the test tube. As shown in Fig. 4(a), SiO2/PAG nanolubricants had an 
excellent stability at all volume concentrations with no visible particle 
settling. 

The opacity of the Al2O3/PAG nanolubricant in Fig. 4(b) on the other 
hand was gradually reduced at the top layer of the samples. However, 
these phenomena were not applicable to the SiO2/PAG sample. The 
present outcome for static visual stability observation was confirmed as 
an excellent stability condition for present nanolubricants for a 
maximum period of 6 months. Hence, these results had supported the 
potential of nanolubricants for application in the AAC system. It was 
expected that the nanolubricant will not pose any significant problems 
related to stability. Interestingly, these findings show that the nano-
lubricant was stable for up to 6 months, which was longer than previous 
studies in the literature [32–35]. However, further investigation on 
stability by quantitative approaches needs to be conducted to verify the 
stability condition of the present nanolubricants. Therefore, the 
following section presents the results for stability evaluation using zeta 
potential under quantitative measurement. 

3.1.2. Zeta potential analysis 
Zeta potential is a scientific term for the electrokinetic potential in 

colloidal dispersions. The zeta potential study was performed after the 
nanolubricants preparation process. The purpose of this evaluation is to 
study the ability of nanoparticles to prevent agglomeration in the base 
fluids. The zeta potential test is a study to measure the strength of 
rejection among nanoparticles. Nanolubricants samples are considered 
stable and difficult to clamp if it have zeta potential of ± 30 mV or above 
[36]. The variation of zeta potential for SiO2/PAG and Al2O3/PAG 
nanolubricants were shown in Fig. 5. The SiO2/PAG and Al2O3/PAG 
nanolubricants were performed with a high zeta potential of 80.6 and 
82.6, respectively. Based on previous studies, zeta potential values had 
several levels of stability, from low to high values [26,36]. The nano-
lubricants with zeta potential of more than 60 mV had shown excellent 
stability. Therefore, the zeta potential of the samples in the present study 
was found to be above 60 mV, confirming the nanolubricants’ stability 
and applicability for application in the AAC system. The nanolubricants 
samples with high zeta potential tended to have less accumulation and 
deposition. This was due to the higher repulsion force between the 
nanoparticles inside the supernatant fluids. The zeta potential of the 
Al2O3/PAG nanolubricant with PAG ND12 in the present study showed 
significant improvement compared to the work by Redhwan et al. [23] 
and Zawawi et al. [35] for Al2O3/PAG and Al2O3-SiO2/PAG nano-
lubricants, respectively, with PAG ND8. 

3.2. Refrigerant mass flow Rate, superheating and subcooling 

Before delving deeper into the critical parameters of the AAC- 
R1234yf system, it is essential to analyse some additional or support 

Table 5 
Percentage of relative standard error for the experimental performance 
parameters.  

Speed (rpm) Percentage relative standard error, RSE (%) 

qL  QL  COP ṁ  Win 

900  0.99  0.03  0.35  0.98  0.33 
1200  0.52  0.03  0.13  0.53  0.11 
1500  0.36  0.01  0.09  0.39  0.09 
1800  1.22  0.04  0.25  1.17  0.21 
2100  0.90  0.04  0.19  0.92  0.21  
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parameters such as superheating, subcooling, and refrigerant mass flow 
rate. The understanding of these parameters is crucial to fully under-
standing the characteristics of the AAC-R1234yf system with the use of 
Al2O3/PAG and SiO2/PAG nanolubricants. Fig. 6 shows the analysis of 

the relationship between superheating and the initial refrigerant charge 
for various compressor speeds. The superheating decreased with an in-
crease in the initial refrigerant charge. The AAC system in the present 
work maintained the same refrigerant temperature before the 
compressor inlet regardless of refrigerant charge and compressor speed. 
The saturation temperature was low at the lower initial refrigerant 
charge because of low pressure at the low-pressure side of the AAC 
system. Thus, the difference in the superheat was high at a low initial 
refrigerant charge as presented in Fig. 6. According to Fig. 6(a), almost 
all of the superheat for the AAC system with SiO2/PAG nanolubricants 
was comparable and lower at some points when compared to the AAC- 
PAG system (except at the 900 rpm compressor speed). Lower super-
heating indicated that the AAC-SiO2/PAG system absorbs more heat at 
the evaporator. Superheating of the AAC-SiO2/PAG system with 0.03% 
volume concentration decreased at all initial refrigerant charges and 
compressor speeds. This was due to the properties of nanolubricants in 
the AAC system with better thermal properties [37,38]. However, as 
shown in Fig. 6(b), the AAC system with Al2O3/PAG nanolubricants 
achieved higher superheating than the AAC-PAG system. Thus, less heat 
was absorbed by the refrigerant vapour in the multi-channel evaporator 
tube. Furthermore, Fig. 6(b) shows that superheating is greater in the 
AAC-Al2O3/PAG system than in the AAC-SiO2/PAG system. In this 
experiment, the low-pressure side of the AAC system with SiO2/PAG and 
Al2O3/PAG nanolubricants was observed to be lower than that of the 
AAC system with PAG lubricant. This condition reduced the 

Fig. 4. The visual sedimentation observation of nanolubricants.  

Fig. 5. Stability of the nanolubricants according to zeta potential 
measurements. 
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superheating value of the AAC system with nanolubricants due to the 
low saturation temperature. However, the Al2O3/PAG-AAC system 
performed with higher superheating value than the SiO2/PAG-AAC 
system due to the Al2O3/PAG nanolubricant exhibiting a higher vis-
cosity than the SiO2/PAG nanolubricant [32]. Higher viscosity was 
usually associated with the pressure drop of the refrigeration system 
[39]. 

Fig. 7 shows the subcooling of the AAC system for various initial 
refrigerant charges and different compressor speeds. The subcooling 
tended to increase with the speed of the compressor. This was due to the 
refrigerant mass flow rate, which increases with the compressor speed 
increment. Subcooling also increased with the increase in the initial 
refrigerant charge. The trends were similar for all working conditions 
and were applicable for different types of nanolubricants. Overall, the 
subcooling of the nanolubricants is comparable to PAG (within ± 10%). 
However, the results showed a minor reduction at some points in volume 
concentrations. Previous research also found the same finding of insig-
nificant increment in subcooling with the use of nanoparticles [40]. 
However, the subcooling for AAC-SiO2/PAG and AAC-Al2O3/PAG sys-
tems performed better for 0.01% volume concentration, with higher 
subcooling than the base PAG lubricants. Therefore, subcooling was not 
a factor in the increment of cooling capacity for the AAC-SiO2/PAG 

system and compressor work reduction in the AAC-Al2O3/PAG system. 
As shown in Fig. 7(a) and (b), the subcooling trend was stronger at a low 
volume concentration of 0.01% for both nanolubricants. At a low vol-
ume concentration of 0.01% nanolubricants, the pressure of the AAC 
system was increased at the high-pressure side. Thus, increasing the 
saturation temperature at the high-pressure side of the AAC system. This 
probably occurred when the TXV becomes restricted by the presence of 
nanoparticles in the system. However, this condition was not applicable 
for nanolubricants at a higher volume concentration than 0.01% 
because of the improvement in heat transfer properties [32]. The AAC 
system with nanolubricants at 0.03% and 0.05% volume concentrations 
were demonstrated to have lower subcooling than the base PAG lubri-
cants. At this point, the AAC system operated with a better effect of 
pressure reduction, thus reducing refrigerant saturation before the TXV 
inlet. 

The experimental data of the refrigerant mass flow rate for AAC 
systems with Al2O3/PAG and SiO2/PAG nanolubricants are shown in 
Fig. 8(a) and 8(b), respectively, by varying the initial refrigerant charges 
for compressor speed ranging from 900 to 2100 rpm. The refrigerant 
mass flow rate in Fig. 8 was increased with an increment of the initial 
refrigerant charge and compressor speed. The mass flow rate of SiO2/ 
PAG nanolubricants was greater than that of PAG lubricants, as shown in 
Fig. 8(a). This was due to the low superheating value for SiO2/PAG 

Fig. 6. Comparison of superheat for different initial refrigerant charges of 
nanolubricants. 

Fig. 7. Comparison of subcooling for different initial refrigerant charges of 
nanolubricants. 
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nanolubricants, as discussed and presented in Fig. 6(a). The present AAC 
system used a thermostatic expansion valve (TXV) as a throttling device. 
When the AAC system experienced a low superheating value, the TXV 
would respond by adjusting the system pressure and the refrigerant mass 
flow rate. As shown in Fig. 8(b), the AAC-Al2O3/PAG system had a lower 
refrigerant mass flow rate than the AAC-PAG system. This condition 
existed because the AAC-Al2O3/PAG system provided higher super-
heating values, as presented in Fig. 6(b). Moreover, the viscosity of 
Al2O3/PAG nanolubricant is higher than PAG lubricant, hence the pos-
sibility to increase the pressure drop during the evaporation process 
[39]. 

3.3. Compressor performance 

The performance characteristics of the AAC compressor operating 
with PAG lubricant, Al2O3/PAG and SiO2/PAG nanolubricants were 
presented in this section for various experimental inputs and conditions. 
Fig. 9 shows the work done by the AAC compressor using SiO2/PAG and 
Al2O3/PAG nanolubricants by varying the initial refrigerant charges for 
compressor speeds from 900 to 2100 rpm. The compressor work 
increased linearly with the initial refrigerant charge and the speed of the 
compressor. It seemed possible that these results were due to the 
compressor stroke increment with increasing compressor rotation and 
the amount of initial refrigerant charge [8,41]. The compressor work 

done for the AAC-SiO2/PAG system was slightly higher by up to 2% 
compared to the AAC-PAG system, as shown in Fig. 9(a), but this dif-
ference was insignificant. The AAC-SiO2/PAG system had a low super-
heating rate and a high refrigerant mass flow rate, so the work done by 
the compressor was slightly higher than the AAC-PAG system. It was 
worth noting that Al2O3/PAG nanolubricant promoted 7.2% less 
compressor work than the original PAG lubricant, as shown in Fig. 9(b). 
Overall, the AAC system with Al2O3/PAG nanolubricant entailed lower 
power input than SiO2/PAG nanolubricant at the same operating con-
dition. This was due to the higher thermal conductivity and better 
tribology characteristics of Al2O3/PAG nanolubricant than SiO2/PAG 
nanolubricant [24,38]. 

The AAC power input by an AAC compressor using SiO2/PAG and 
Al2O3/PAG nanolubricants with varying initial refrigerant charges for 
compressor speeds ranging from 900 to 2100 rpm is shown in Fig. 10(a) 
and 10(b). The compressor power input for the AAC-SiO2/PAG system 
was greater than that of the AAC-PAG system and the AAC-Al2O3 system, 
as shown in Fig. 10(a). The AAC-SiO2/PAG system had a high degree of 
compressor work done. Consequently, the compressor power input was 
also slightly higher than the other systems. Lower compressor work by 
the AAC system using Al2O3/PAG nanolubricant resulted in lower power 
input, which is further illustrated in Fig. 10(b). The AAC system with 
Al2O3/PAG nanolubricant promoted less compressor power input, up to 
27.1% lower than the original PAG lubricant. In addition, the trend for 
compressor power input was also comparable with the trend of the 

Fig. 8. Mass flow rate comparison for different initial refrigerant charge of 
nanolubricants. 

Fig. 9. Compressor work for different refrigerant charges of nanolubricants.  
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previous compressor work. The AAC compressor power inputs were 
increased with increasing compressor speed and initial refrigerant 
charges. In this study, the refrigerant mass flow rate and the compressor 
work were found to be influenced by the increment of AAC compressor 
power input. This finding confirmed the association between the AAC 
compressor power input, work done, and the refrigeration mass flow 
rate, which had been observed by previous studies [23,42]. 

3.4. Cooling performance 

The ability of the AAC evaporator to absorb heat and the cooling 
capacity is vital to evaluating the AAC-R1234yf cooling system. Fig. 11 
(a) and (b) show the experimental data of Al2O3/PAG and SiO2/PAG 
nanolubricants for heat absorb by the AAC evaporator at different 
refrigerant charges. Both graphs show the inverse relationship between 
heat absorption and initial refrigerant charges at various compressor 
speeds and are applicable for both nanolubricants. The AAC-SiO2/PAG 
system in Fig. 11(a) shows lower evaporator heat absorption than the 
AAC-PAG and AAC-Al2O3/PAG systems in Fig. 11(b). However, this was 
considered insignificant because the decrement was only 2.6% lower 
than the PAG lubricants. The AAC system with high refrigerant mass 
flow rates may cause a reduction in the heat absorption value and vice 
versa. In contrast, the AAC system with Al2O3/PAG nanolubricants 
recorded 1.3% higher heat absorption than PAG lubricants, as presented 

in Fig. 11(b). This was probably due to the better thermal properties 
exhibited by Al2O3/PAG nanolubricants than SiO2/PAG nanolubricants 
[32]. In this case, Al2O3/PAG nanolubricants was concluded to behave 
with better heat absorption than SiO2/PAG nanolubricants. 

Fig. 12(a) and (b) depict the relationship between cooling capacity 
and initial refrigerant charge at different compressor speeds. By looking 
at the graph, it can be concluded that the cooling capacity increases with 
an increase in the initial refrigerant charges and speeds. The results in 
Fig. 10(a) are somewhat revealing in several ways. Firstly, the SiO2/PAG 
nanolubricants with volume concentrations of 0.01 and 0.03% per-
formed with higher capacity heating in the AAC system for up to 15.7 
and 15.1%, respectively, better than the base PAG lubricants. Secondly, 
the AAC-SiO2/PAG system with 0.05% volume concentration had 
slightly lower cooling performance, up to 6%, than the PAG lubricants. 
The variation in the viscosity of nanolubricants may explain this phe-
nomenon. The reduction of cooling capacity was observed for SiO2/PAG 
nanolubricants at a volume concentration of more than 0.03%. 

On the other hand, Fig. 12(b) shows the cooling capacity of the AAC 
system with Al2O3/PAG nanolubricants. The cooling capacity for Al2O3/ 
PAG nanolubricants was recorded at an average of 19.9% lower 
compared to the AAC-PAG system. Although the AAC-Al2O3/PAG sys-
tem had a good heat absorption performance, the low mass flow rate 

Fig. 10. Comparison of compressor power at the different refrigerant charges 
of nanolubricants. 

Fig. 11. Comparison of heat absorb for different refrigerant charge of 
nanolubricants. 
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results can hinder the overall cooling performance. In a nutshell, the 
reason for the low cooling capacity of the AAC system with Al2O3/PAG 
nanolubricants was the high superheat rate and low refrigerant mass 
flow rate, as discussed in the previous section. According to a previous 
study, SiO2 nanoparticles inside a vapour compression system per-
formed better in terms of cooling capacity than Al2O3 nanoparticles 
[43]. The AAC-Al2O3/PAG system has higher heat absorption compared 
to the AAC-SiO2/PAG system. The AAC system’s high superheat is due to 
the starved condition at the evaporator, which is caused by a lower 
refrigerant mass flow rate. In this case, Al2O3/PAG nanolubricants have 
a relatively higher viscosity than SiO2/PAG nanolubricants. This con-
dition will increase the risk of pressure drop in the refined pipe area 
inside the evaporator. Hence, the Al2O3/PAG nanolubricant tends to 
have high heat absorption. 

3.5. Overall system performance 

Fig. 13 illustrates the variation of the ratio for the evaporator to 
power compressor, or coefficient of performance (COP), at different 
initial refrigerant charges and compressor speeds. From the graph, the 
COP was almost constant with increasing initial refrigerant charge. 
Furthermore, the COP was decreased with increasing compressor speed, 
as shown in Fig. 13(a) and 13(b). This was due to the variation of 
compressor work as discussed in Fig. 9. The compressor work was also 

increased by increasing the compressor speed and going beyond the 
enhancement of the cooling performance. The findings in Fig. 13(a) and 
(b) correspond to some experiments in the literature [23,42,44]. The 
AAC-SiO2/PAG system recorded a lower COP with an average decre-
ment of 4.4% compared to the AAC-PAG system. However, these dec-
rements were counterbalanced by increasing cooling capacity, with an 
average increment of 12.2%. It should be noted that AAC-Al2O3/PAG 
system produced better COP than the AAC-PAG system, with an average 
enhancement of 9.8%. In addition, better COP performance was re-
ported for nanolubricants at higher volume concentrations. This trend 
was in agreement with the previous finding, whereby the compressor 
work and the performance enhancement are increased with the volume 
concentration of nanolubricants. 

The negative value in the COP enhancement analysis was observed in 
Fig. 14(a) for the AAC-SiO2/PAG system. The COP reduction for the 
AAC-SiO2/PAG system occurred because of high power consumption, as 
shown in Fig. 10. However, the drawback of COP reduction for the AAC- 
SiO2/PAG system was considered insignificant due to a small decrement 
of less than 5% compared to the substantial improvement in cooling 
capacity in Fig. 12. In contrast, the COP enhancement for the AAC- 
Al2O3/PAG system in Fig. 14(b) was increased with volume concentra-
tion and was higher than the AAC-PAG and AAC-SiO2/PAG systems as 
presented in Fig. 14(a). The COP increment with the volume 

Fig. 12. Comparison of cooling capacity for the different refrigerant charges of 
nanolubricants. 

Fig. 13. Comparison of COP for nanolubricants at different refrigerant charges.  
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concentration was due to the reduction of the compressor work and 
supported by the results in Fig. 9. Similar observations were made by 
Redhwan et al. [23] for AAC performance with Al2O3/PAG nano-
lubricant and R134a refrigerant. They concluded that the COP 
enhancement of nanolubricant increased with volume concentration 
and the optimum COP enhancement was found at 0.01% volume con-
centration. The different optimum volume concentration compared to 
the present work is due to different types of base lubricants and different 
system operations. 

4. Conclusions 

The experimental work was carried out to emphasise the overall 
performance and effect of different types of nanolubricants in the AAC 
system operating with alternative refrigerant R1234yf. Based on the 
stability studies, it can be concluded that the nanolubricant had good 
stability with minimal agglomeration rate. The AAC-SiO2/PAG system 
had better cooling capacity but consumed more energy with a lower 
COP. The average cooling capacity of the AAC-SiO2/PAG system 
improved by 15.7% at 0.01% volume concentration. In contrast, the 
AAC-Al2O3/PAG system performed better with power consumption and 
COP improvement. The average COP and power consumption for the 
AAC-SiO2/PAG system were enhanced by up to 9.8% and reduced by up 

to 27.1%, respectively, at 0.05% volume concentration. As a conclusion, 
the type of nanolubricant used in the AAC system exhibits different 
behaviours and contributes to variation improvement for various AAC 
parameters. Therefore, the combination of SiO2 and Al2O3 nanoparticles 
in the composite form of nanolubricant is recommended for future work 
to enhance the cooling capacity and reduce compressor work. Also, the 
miscibility of nanolubricant with refrigerant in the AAC system is sug-
gested for future research work. The durability aspect is importance for 
commercialization of the present nanolubricant in actual AAC system. 
Hence further investigation is required to extend the present work. In 
addition, it is feasible to use nanolubricants in the AAC system because 
of the small amount of Al2O3 nanoparticles, approximately 0.2 g per 100 
ml of lubricants for a 0.05% volume concentration. 
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