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ARTICLE INFO ABSTRACT
Keywords: This paper aims to evaluate residential air conditioning systems’ performance enhancement and
Functionalized Al,03 optimization by adopting a novel functionalized Aly03 (FAl,03)-Polyolester (POE) nanolubricant.

FAl,03-POE nanolubricant

Air conditioning systems

Central composite design optimization
Response surface methodology (RSM)

Comprehensive discussions were conducted on key performance parameters, including heat ab-
sorption, compressor work, cooling capacity, coefficient of performance (COP), and power con-
sumption. Novel FAl,O3 nanoparticles were dispersed into the POE lubricant using a two-step
method. The findings reveal that FAl;03-POE nanolubricant exhibits superior heat absorption
compared to pure POE. Heat absorption decreases with an increased initial refrigerant charge,
while cooling capacity performance improves with an increased initial refrigerant charge. The
COP shows an increasing trend at all concentrations of FAl,03-POE nanolubricant when oper-
ating with R32. FAl,03-POE/R32 demonstrates an enhanced range of 3.12%-32.26% for COP.
The results suggest that applying novel FAl,O3-POE nanolubricant with R32 can reduce electrical
power consumption by 13.79%-19.35%. The central composite design (CCD) offers an optimal
condition for FAl,03-POE nanolubricant with a concentration of 0.11 vol%, an initial refrigerant
charge of 0.442 kg, resulting in a COP of 3.982, a standard error of 0.019, and a desirability of
1.0.

1. Introduction

Air conditioning technology plays an essential role in modern life [1]. However, refrigerants with high Global Warming Potential
(GWP) have a more significant heating effect on the surrounding air, resulting in lower energy efficiency. Increasing the use of air
conditioning systems that utilize high GWP refrigerants will lead to amplified global warming effects and higher energy consumption
[2]. Montreal Protocol requires that the refrigerant air conditioning system have zero ozone depletion potential (ODP) and lower GWP
[3]. R410a has been adopted as a refrigerant in residential air conditioning systems because it possesses zero ODP and a GWP of 2088
[4]. Therefore, there is a need for an alternative refrigerant that possesses zero Ozone Depletion Potential (ODP) and lower Global
Warming Potential (GWP) as a replacement for the current refrigerant R410a. Such a replacement would effectively mitigate the global
warming effect and contribute to energy sector sustainability by reducing energy consumption [5].
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In recent years, nanolubricants have emerged as a promising solution for improving the performance of air conditioning systems.
Nanoparticles, such as Functionalize A1203 (FA1203) nanoparticles, have demonstrated exceptional properties that can enhance the
base fluid’s thermal conductivity and lubrication characteristics [6-8]. Incorporating these nanoparticles into the lubricant matrix
offers the potential to optimize heat transfer, reduce friction losses, and improve overall system efficiency [9]. Moreover, nano-
lubricants have shown the ability to mitigate wear and tear on system components, leading to an extended equipment lifespan and
reduced maintenance requirements [10].

Several studies have investigated the application of nanolubricants in air conditioning systems, focusing on their impact on key
performance parameters. The addition of nanoparticles has enhanced heat absorption capabilities, improving cooling efficiency [11].
Furthermore, nanolubricants have shown promise in reducing compressor work, resulting in energy savings and increased system
reliability [12]. These findings highlight the potential of nanolubricants to contribute to the development of sustainable and
energy-efficient air conditioning technologies [13].

Furthermore, Sanukrishna et al. [14] reported that the thermal conductivity of nanolubricant could be increased by 1.38% at 0.8
vol% by dispersing TiO2 in PAG. Xu et al. stated that replacing R410a with R32 resulted in a 2-9% improvement in overall perfor-
mance. As reported by Xu et al., the increase in discharge compressor temperature promotes a loss in compressor efficiency, which
results in a decrease in the air conditioning system’s coefficient of performance [15]. Panato et al. [16] observed that replacing R410a
with R32 decreased overall performance between 4 and 14% in the following evaporator temperature range —5 to 5 °C. Thus, many
previous researchers have made significant efforts into improving refrigeration system performance by adopting nanolubricants. COP
can be enhanced by 37.3 at 0.5 vol% by adopting MWCNT/POE in the air conditioning system, as reported by Salem et al. [17].

Pico et al. [18] reported that adopting Diamond/POE for the RAC system enhanced COP by 4 and 8% at 0.1 and 0.5 vol%. COP of
the RAC system could be increased by 2.06% by adopting TiO2-MO, as reported by Jatinder et al. [19]. A recent finding from Nawaf
et al. [20] reported dispersing nanodiamond at 0.05-0.5 vol% in polyolester. According to tribology assessment results, nanolubricant
with a concentration of 0.1 vol% has the lowest coefficient of friction (COF) compared to others. Recently, Ahmed et al. [21]
formulated a TiO2-mineral oil nanolubricant that works with R32 and R22 (75:25%) labelled as mixture 1 and R32 and R600a
(75:25%) labelled as mixture 2. The results reveal that pure R32 has the same compressor work as R22, but a mixture of 1 and 2 can
lower compressor work by 33% when TiO2-MO nanolubricant with 0.02 vol% is used. Chauhan [22] claimed that he synthesized
Al203-Si02/Polyalkylene Glycol (PAG46) at various volume concentrations ranging from 0.02% to 0.1% and examined it with the
refrigerant R134a. According to the experimental results, an A1203-SiO2 nanolubricant concentration of 0.08 vol% is an optimum
concentration since it lowered compressor power by up to 10.89% compared to pure PAG lubricant. Evidence suggests that
Al203-Si02/PAG46 with 0.08 vol% concentration is ideal for automobile air conditioning systems.

Upon a thorough review of the existing literature, it is evident that there is a need for more studies investigating the direct
application of nanolubricants in air conditioning systems across diverse operating conditions. Furthermore, it is essential to
acknowledge the necessity of creating a universal nanolubricant solution applicable to all air conditioning systems. Therefore, this
manuscript addresses these gaps by presenting a comprehensive evaluation of the refrigerant effect, compressor work, overall per-
formance, and cooling capacity of residential air conditioning systems upon adopting a novel FA1203-POE nanolubricant.

The main objective of this study is to address the challenge of enhancing performance in the context of refrigerant R32 when
compared to the existing refrigerant R410a. By investigating the utilization of the FA1203-POE nanolubricant, this research presents a
potential solution for enhancing the overall system performance. A systematic approach based on the central composite design of the
response surface methodology is employed to determine the optimal nanolubricant configuration that effectively operates in
conjunction with refrigerant R32 to achieve this goal.

2. Experimental procedure
2.1. Materials

The aluminum oxide nanoparticles used in this research were obtained from Sigma-Aldrich in Saint Louis, Missouri, USA. Alumina
was selected for its performance characteristics, including heat conductivity, density, and shape. Alumina, being naturally polar
nanoparticles, presents challenges in dispersing within predominantly non-polar synthetic oils. Consequently, Al,O3 functionalization
treatment is necessary to modify the surface of Al,O3 nanoparticles. This process is detailed in the following sub-section. SUNISO from
Belgium supplied the polyolester (POE) lubricant, a synthetic refrigerant oil. Tables 1 and 2 present the fundamental properties of
Al,03 and Polyolester (POE), respectively.

Table 1

Al203 physical nanoparticles properties [23].
Properties Metric
Density 3.95 g/cm®
Molar mass 101.96 g/mol
Diameter 13 nm
Color White
Melting point 2040 °C
Boiling Point 2977 °C
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2.2. Functionalization of AI203 nanoparticle and characterization method

The goal of the functionalization process is to transform the polar Al1203 surface into a non-polar one. The Al1203 functionalization
process incorporates non-polar SiO2 nanoparticles and ethanol, serving as the modifier material and solvent, respectively. SiO2
nanoparticles are chosen as the modifier material due to their predominant non-polar properties arising from silica. Yuan et al. [25]
reported that the functionalization process was carried out by silica adsorption to the alumina. Ethanol (C2H60) was chosen as the
solvent agent in this process because the non-polar ethyl (C2H5) group molecules could enhance the wettability effect of SiO2 on
Al203 surfaces [26]. Thus, the A1203 and SiO2 dispersion in ethanol can increase SiO2 adsorption on Al1203 and formulate non-polar
FAI203. After formulating the FAI203 nanolubricant, the nanoparticles were mixed into the POE lubricant to create the nanolubricant
[27]. The schematic diagram of the functionalization process is shown in Fig. 1. The FAI203 nanoparticles were subsequently char-
acterized using Transmission Electron Microscopy (TEM) FEI Tecnai G2 T20 X-TWIN to assess their morphology and diameter size. The
dimensions of FAI203 were further confirmed using Image J software. The energy dispersive X-ray spectroscopy (EDX) method was
adopted to assess the newly synthesized FA1203 nanoparticles’ elements.

2.3. Nanolubricants preparation and visual observation method

The nanolubricant in this study was formulated using a two-step method. he two-step method involves two primary stages for
formulating the nanolubricant: first, mixing the nanoparticle dispersion into the lubricant to create the nanolubricant, and second,
applying ultrasonication treatment. This two-step method involves four stages that must be performed in a specific sequence [28]. The
initial stage involves weighing the required nanoparticles and POE lubricant for the dispersion process based on volume concentration.
The volume of nanolubricant concentration is determined using Equation (1), as suggested by Azmi et al. [29]. The nanolubricant
preparation process flow is depicted in Fig. 2.

The second stage involves dispersing nanoparticles into the POE lubricant using a magnetic stirrer for 30 min without applying
heat. The magnetic stirrer used in this study is the FAVORIT Stirring Hotplate HS0707V2. In the third stage, ultrasonic treatment is
applied to the nanolubricant for 100 min to enhance its stability and prevent agglomeration. Ultrasonication treatment was conducted
in three cycles of 40-40-20 min for each sample, with a 15-min pause in between to prevent a significant temperature increase in the
nanolubricant and ensure compliance with device safety standards [30]. An ultrasonic homogenizer with a probe was chosen for its
ability to provide stronger vibrations to the suspension, resulting in better dispersion compared to using an ultrasonic bath, as reported
by Mellado et al. [31]. The ultrasonic homogenizer used in this study is the Hielscher Ultrasonics Germany UP400S.

Formulating the FAI203-POE nanolubricant required three phases. The initial phase involved Al203 nanoparticles and POE
lubricant measurement. Nanoparticles were weighed using the digital weighing scale Sartorius Entris to determine the necessary mass
of A1203 nanoparticles and POE lubricant before mixing. Beforehand, the balance was calibrated to achieve a suitable level and fine-
tune the validation of the circle center’s leveling bubble. The middle stage encompassed mixing the base lubricant (POE lubricant) and
Al203 nanoparticles using a magnetic stirrer for 30 min. The third stage involved the ultrasonication process using an ultrasonic
homogenizer. Interlude mode was employed to disperse the nanolubricant agglomeration for 100 min. Equation (1), as suggested by
Sharif et al. [32], was utilized to estimate the volume fraction of the nanolubricants. After each 40-min cycle, a 15-min interlude was
applied to prevent deterioration of nanolubricant homogeneity [33].

@ =—"— x100% (€D)]

Here, @ represents the nanoparticle volume concentration in %; mp and ml stand for the masses of the nanoparticle and POE
lubricant, respectively, while pn and pl denote the density of the A1203 nanoparticle and POE lubricant, respectively. The prepared
FAI203-POE nanolubricants were stored in experimental tubes to assess their stability through observation of aggregation and
sedimentation.

2.4. Experimental facility and procedure

To conduct the experimental procedure, we constructed an in-house developed calorimeter to assess the performance of the RAC
system. The RAC system installed in the experiment chamber has a capacity of one horsepower. The layout and design of the
experiment chamber, referred to as the calorimeter chamber, are shown in Fig. 3. The RAC system is designed in a back-to-back
configuration, wherein the interior and outdoor units are positioned opposite each other, following the suggestion of previous re-
searchers [34-36]. The RAC system is installed in a room equipped with a calorimeter for control [36]. Fig. 3 was designed to replicate

Table 2
Properties of Polyolester oil [24].
Lubricant Properties
Viscosity at 40 °C Viscosity at 100 °C Viscosity Index Density Flash Point Pour Point

At15°C

Suniso SL 68 70.1 cSt 9.1 ¢St 105 0.960 g/cm® 252°C -36°C




A. Nugroho et al. Heliyon 9 (2023) 20333

®
~
®
~® 'b"'

P00 ©

»
4
‘ ®
r " ALO;+5i0;+ CHsO -~ .
ALO:+ CHeO Sedimentation Process
1

—
. - ‘
i - ® o
= FALO,
K = 3 J Nanoparticle
. Sub-Inter Critical
‘ Annealing Heat
L ’ - Treatment

Si0,+ C;HsO Al 03+5i0,+ C;H:0 [ ] *I.
Mixing Mixing ® o

Fig. 1. Process flow of Al,O3 functionalization

ﬂpll

FAI,0,-POE
Nanolubricant Nanolubricant

ultrasonication to

Nanoparticles
dispersion in
lubricant using prevent

magnetic stirrer agglomeration
POE Lubricant \

Fig. 2. FAl,03-POE nanolubricant formulation using the two-step method.

real-world conditions and tailored to meet the needs of the experimental study. Its construction guarantees a controlled environment,
facilitating effective conduct of our experiments. The core aim of the distinct chamber, illustrated in Fig. 3, is to proficiently regulate
indoor and outdoor temperatures and humidity levels, aligning with the testing criteria outlined in Table 3. This controlled setting
guarantees that the experimental conditions closely adhere to the standard’s guidelines. Through the implementation of the separate
chamber, we can effectively simulate real-world conditions while exercising essential control over variables. This facilitates precise
and reliable measurements of the air conditioning system’s performance.

A 2-inch square iron structure supports the frame of the calorimeter chamber, while the design of the members employs 1-inch
square iron. Exterior walls are constructed from 2 mm plywood, while interior walls are composed of 2-inch polystyrene to inhibit
heat transfer between the surrounding air and the controlled chamber, as suggested by previous researchers [38,39]. Silicone rubber is
applied to seal the spaces between the polystyrene joints, preventing any leakage of heat transfer.

The key components of the calorimeter include 1. indoor unit, 2. outdoor unit, 3. equipment under test, 4. heating unit, 5. hu-
midifier unit, 6. fan, 7. mixer, 8. air sampling tube, 9. pressure equalization device, and 10. exchange air fan. For the air conditioning
system setup, no modifications were applied to the specifications. This is because all component specifications used in the setup align
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Fig. 3. Calorimeter RAC experiment layout.

Table 3
Performance test conditions [37].
Parameter Standard Rating Condition
T1 Tz Ts
Dry bulb temperature in indoor side 32°C 27 °C 32°C
Dry bulb temperature in outdoor side 43°C 35°C 52°C

with the standard specifications provided by the manufacturer. This approach is adopted to ensure optimal performance, in line with
the factory-defined requirements indicated on the air conditioning system’s nameplate. This is consistent with the suggestion of
previous researchers [40-42].

The performance test in this study was conducted under T1 conditions in a moderate climate. All tests were carried out with the
equipment operating under full-load conditions. In order to establish a moderate climate, a 900 W electric heater was placed inside the
indoor room. Fig. 4 illustrates the performance test of the RAC system using POE nanolubricants in the context of R410a and R32
system flow.

A 1 HP rotary compressor was utilized in the setup of the RAC system. Pure POE lubricant is introduced into the RAC system at the
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Fig. 4. The schematic diagram illustrates the setup of the RAC system, depicting the positions of the thermocouples.
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commencement of each assessment for the next concentration. This is done to prevent any contamination from the previous nano-
lubricant to the succeeding one [11]. This process is repeated three times for the FA1203-POE nanolubricant.

Sixteen K-type thermocouples were positioned as indicated in Table 3 to record and quantify temperatures during the test. K-type
thermocouples were installed using snug, non-conductive insulation material to prevent temperature transfer between the sensor and
the surrounding environment, as advised by previous researchers [43,44]. Throughout the test, the RAC system settings were
configured for full-speed fan conditions, and the barometric pressure location remained constant. Grille and damper positions, as well
as fan speed, were adjusted to full speed according to the manufacturer’s instructions, and no changes were made to these settings in
accordance with the standard as suggested by Zhou et al. [36].

The RAC system performance test refers to the maximum cooling performance within the T1 setting, specifically denoted as the
standard cooling rating for a moderate climate [45]. The schematic diagram in Fig. 4 illustrates the position of each thermocouple
within the RAC system setup. The performance test conditions at T1 were as follows: the indoor and outdoor temperatures were
maintained at 32 °C and 43 °C, respectively, both during conditioning and RAC system testing. Consequently, a 900-Watt electric
heater fan is installed and activated, providing consistent heating during the conditioning and testing phases to uphold a stable indoor
temperature of 32 °C.

The RAC system within the calorimeter is initially operated until it achieves a steady-state (equilibrium) condition, preventing data
fluctuations; the difference in the steady state should not exceed 0.3%. Preparation for the steady-state condition was upheld for a
minimum of 1 h before recording performance test data. To meet the consistency and accuracy standards of data, continuous data
recording for at least 30 min without interruption was mandated by performance testing requirements, in alignment with the stan-
dard’s guidance [37]. In this study, data recording was performed for 40 min during each test to ensure data consistency and reli-
ability. Testing was conducted three times to guarantee data reliability and consistency.

2.5. Experimental performance analysis

The vapor-compression refrigeration cycle is the chosen cycle for air-conditioning systems, featuring an isentropic compression
process in the compressor [46]. Adiabatic processes entail no heat transfer between the fluid and its surroundings and vice versa. A
reversible process occurs when the fluid remains in constant equilibrium, akin to a frictionless process in the compressor [47]. The
isentropic process condition is both reversible and adiabatic. The saturation cycle, featuring isentropic compression in the RAC system,
is illustrated in Fig. 5.

Performance analysis is the stage where each critical component of the refrigeration cycle is identified and evaluated. The per-
formance of this analysis includes estimating the amount of refrigerant effect or heat absorbed by the evaporator, calculating
compressor work, and evaluating the coefficient of performance [48]. The outcome of this analysis determines the overall coefficient of
performance (COP) value for the RAC system. The vapor compression refrigeration cycle is expected to exhibit a no-pressure drop
phenomenon in the condenser, evaporator, and all refrigerant lines in the RAC system test setup. The pressure gauge then indicates the
condensing and evaporating pressures, which are expected to be equivalent to the discharge and suction pressures. Furthermore, any
increases in kinetic and potential energy are considered to be insignificant. Temperature and pressure at a specific location play a
critical role in influencing the RAC system’s heat absorption, compressor effort, and COP. Enthalpy is calculated by considering both
temperature and pressure simultaneously.

The following calculations of mass and energy balance are adopted to analyze the performance of the RAC system, as suggested by
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Fig. 5. Saturation cycle with isentropic compression.
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previous researchers [18,47,49,50].
Heat absorbs or refrigerant effect (kJ/kg) [51].

Oc=h —hy (2)
Compressor work done (kJ/kg) [51].
VV“ = I’lz - hl (3)

Cooling capacity or refrigerant duty (kW) [51].

Qe=m.(h; — hy) 4
Refrigerant mass flow rate (kg/s) [51].
. QE
_ 5
") ®)

According to the performance of each parameter of the RAC system, the overall COP can be determined by calculating the ratio
between the refrigerant effect and the compressor work done, as expressed in equation (6).

Qe

COP = 6
Wy (6)
Equation (6) is used to determine the compressor’s electrical power [52].
P=VlI ()]

2.6. Uncertainty and consistency analysis

This study employed a wide range of sensors and measurement tools. Performing a consistency analysis using the percent relative
standard error (RSE) as suggested by a previous researcher, the measurement consistency and standard error that occurred in each of
the mentioned parameters were evaluated [51]. Additionally, based on the % relative standard error (RSE) given by Yusri et al. [53],
the measurement error of data collection for all performance metrics was computed. A consistency study, following Yusri et al. [53],
was conducted to ensure the reliability and repeatability of the experimental data [53].

o

7

RSE = ;r x 100 where the standard error S,,, using S.., = 8)

Where X is the mean, ¢ is the standard deviation, and n is the number of samples.

2.7. Response surface methodology optimization

The current study utilized the Central Composite Design (CCD) of the Response Surface Methodology (RSM) to identify the optimal
operating conditions for the nanolubricant. Two parameters, specifically the volume concentration and initial refrigerant mass, were
identified and employed to assess the RAC system’s overall performance response, particularly the COP, for each type of nanolubricant
paired with refrigerants R410a and R32. The data collection process was repeated three times for each nanolubricant concentration
during the experiment. This step aimed to ensure data consistency, reliability, and the elimination of potential errors in data capture.
This rigorous approach was undertaken before initiating the optimization calculation and analysis. While the minimum CCD center
point is typically set to 5, this study increased it to 8 points to enhance the reliability of calculations and data processing [54].
Determining alpha one as the face aims to accurately establish the value within the intended boundary [55]. For optimization pur-
poses, it is recommended that RSM perform 16 rounds of experimental analysis for each nanolubricant based on the CCD settings.

3. Results and discussion

Prior to conducting experiments, all equipment and apparatus used in this investigation underwent verification. The validation
method for equipment and instruments was implemented in this study to ensure that measurement and data capture results during the
experimental process are accurate, consistent, reliable, and free of errors. The experiments and data collection were subsequently
repeated three times. This repetition was carried out to prevent data-gathering errors and ensure data reliability before proceeding to
the data analysis procedure.

3.1. FAl,03 nanoparticles characterization

The novel FAl;03 nanoparticles were characterized using FEI Tecnai G2 T20 X-TWIN to determine their morphology, shape, and
size. Fig. 6 depicts the results of the characterization of FAl;O3 suspended in POE. The TEM micrograph displays two dominant colors:
dark and contrast-based. The intensity of the beam interacting with the sample and the thickness of the nanoparticles contribute to the



A. Nugroho et al. Heliyon 9 (2023) 20333

dark-to-black coloration.

Fig. 7 illustrates the distribution of novel FAl;03 nanoparticle diameters. It is evident that the distribution follows a normal pattern
based on Gaussian distribution analysis, with mean and standard deviation values. The graph is symmetrical, maintaining balance as it
approaches the peak, with equal distances and patterns on both sides. No significant deviations are present on either the left or right
side, nor are there valleys at the peak of the frequency distribution. The standard deviation indicates data variability or dispersion. A
smaller standard deviation implies data points closer to the mean, resulting in a narrower peak. This demonstrates the reliability and
homogeneity of the utilized FAl;03 nanoparticles. According to the graph, the average diameter of the FAl,O3 nanoparticles is
determined to be 43.11 nm.

The density of nanoparticles and the interaction between the characterizing nanoparticles simultaneously determine the thickness
level. The micrograph confirms the dispersion of FA1203 in the POE, aligning with Liu’s findings [56].

Fig. 8 displays the EDX evaluation results of FAl;03 nanoparticles. It is evident that the displayed elements correspond to the
elements constructing the nanoparticles. As shown in Fig. 8, the study involves interpreted FAl,O3 nanoparticles. The larger the EDX
spectra peak, the greater the representation of the specific element, as summarized in Table 4.

3.2. FAl,03-POE nanolubricant visual observation

On the first day, each nanolubricant sample exhibited extensive nanoparticle dispersion, with no signs of sedimentation in either
type of nanolubricant. This observation suggests the excellent quality of dispersion in this nanolubricant sample. Ultrasonication
treatment proves efficient in preventing aggregation and sedimentation of the nanolubricant sample. Observations continued on day
30; all samples remained highly stable, showing no significant signs of sedimentation. While there were hints of minor agglomeration,
they were quite slight and primarily occurred in samples with higher concentrations, especially samples 4 and 5, as shown in Fig. 9.
The minimal sedimentation in the nanolubricant sample highlights the strong repulsion between nanoparticle surfaces, minimizing the
van der Waals attraction effect [57].

3.3. Heat absorbs and cooling performance evaluation

Figs. 10 and 11 illustrate the impact of the initial refrigerant charge on the heat absorption and cooling performance of FAl,03-POE
nanolubricants with R32 at various concentrations. The refrigerant charge in an air conditioning system is closely linked to the mass
flow rate. The refrigerant charge denotes the quantity of refrigerant, usually measured in kilograms or pounds, in the system. In
contrast, the mass flow rate indicates the mass of refrigerant passing through the system per unit of time, often measured in kilograms
per second or pounds per minute. The refrigerant charge influences the mass flow rate by determining the amount of refrigerant
present in the system to facilitate heat transfer and cooling. A proper refrigerant charge is crucial for the optimal operation of the air
conditioning system.

When the refrigerant charge is too low, there isn’t sufficient refrigerant to efficiently absorb heat from the indoor air. This situation
can lead to diminished cooling capacity and poor performance, a finding consistent with prior researchers’ earlier discoveries [58-60].
A low refrigerant charge can also result in the evaporator coil freezing due to insufficient heat absorption. Conversely, if the refrigerant
charge is excessively high, it can also adversely affect the system’s performance. An excessive amount of refrigerant can cause
problems like heightened compressor workload, reduced heat transfer efficiency, and potential damage to system components, as
reported by Porras et al. [61].

This event demonstrates a crucial aspect of the RAC system: the evaporator’s capacity to absorb heat from the surrounding
environment in 60 s [62]. In general, the FA1203-POE nanolubricant enhances heat absorption more than pure POE. According to the
graph, heat absorption declines as the initial refrigerant charge decreases, which is directly related to the cooling capacity phe-
nomenon. This phenomenon can be explained by an increase in the mass flow rate for each increment of refrigerant charge, resulting in

43.05 nm

e

o
W,

Fig. 6. TEM image of FAl;03-POE Nanolubricant in 50.000 magnitude.



A. Nugroho et al.

16

N
/

Frequency of the appearance
0o
N

FAILO,
14 4

0 T T
43.04 43.06 43.08 43.1 43.12 43.14

Diameter of nanoparticle, nm

Fig. 7. Gaussian distribution of FAl,03 Nanoparticles.

Full Scale 4553 cts Cursor: 0.000

43.16

Fig. 8. EDX element analysis of FAl;O3 Nanoparticle.

Table 4

Element percentage of FAl;O3 nanoparticles.
Element Weight % Atomic %
Oxygen 64.17 75.34
Aluminum 25.78 17.95
Silicon 10.04 6.72
Total 100.00 -

Fig. 9. Visual evaluation of FAl;03-POE nanolubricant on (a) day 1 and (b) day 30.
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higher refrigerant weight, which in turn affects the reduction in heat absorbed [63]. The cooling capacity exhibits the opposite
phenomenon, with an improvement in cooling capacity performance as the initial refrigerant charge increases, as illustrated in Fig. 10.

The high refrigerant mass flow rate in the RAC system mixed with nanolubricant promotes higher nanoparticle collisions,
enhancing cooling capacity compared to pure POE. Additionally, the wave movement generated by phonons of the dispersed
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nanolubricant escalates the heat transfer in the system [64]. This cooling capacity improvement could be attributed to the
enhancement in the higher refrigerant mass flow rate compared to the RAC system with pure POE lubricant. This situation directly
influences the increased cooling capacity of the RAC system. However, the cooling capacity of the highest fraction of 0.2 vol%
nanolubricant shows a decrement. This phenomenon can be explained by the fact that the density of the mixture of refrigerant and
nanolubricant with 0.2 vol% increased tremendously, leading to an increase in the viscosity of the nanolubricant [65]. This condition
has a direct impact on the lower mass flow rate. The cooling capacity of FAI1203-POE/R3 increased by 5%-18%, respectively.

3.4. Compressor work evaluation

Fig. 12 illustrates the compressor performance phenomenon observed in the current investigation using FAI203-POE/R3. The
graphs display the phenomenon of decreasing compressor work with increasing initial refrigerant charge. When the AAC system
employs a limited amount of refrigerant, the compressor must exert greater effort to compress the refrigerant and raise system
pressure. Consequently, the compressor’s work is highest at the lowest initial refrigerant charge. Conversely, higher compressor work
results in elevated inlet and outlet temperatures for the compressor at low initial refrigerant levels [17]. The utilization of nano-
lubricant can mitigate compressor work in the RAC system, leading to a decrease in compressor work due to the improved lubrication
effect and tribological impact, as explained in the previous sub-section on tribology assessment. This phenomenon has a direct positive
influence on the overall performance enhancement of the RAC system, as reported by Kamarulzaman [66].

The increase in compressor lubrication is linked to the tribological aspect, which transforms sliding motion into rolling motion
[67]. This effect also influences the compressor’s power input. However, there is a noticeable inclination for the compressor power
input to rise as the initial refrigerant charge in the RAC system increases. This phenomenon is attributed to the impact of increasing the
refrigerant mass flow rate for each initial refrigerant charge, which affects the compressor power input. This trend aligns with the
findings reported by Adelekan et al. [11,68]. The experimental results demonstrated that the use of nanolubricant decreased
compressor work by 4.91%-17.23%.

3.5. Coefficient of performance evaluation

Fig. 13 illustrates the coefficient of performance (COP) of FAI203-POE/R32 nanolubricants. The graphs generally indicate that
increasing the initial refrigerant charge results in an increase in COP. Moreover, as the nanolubricant concentration increases, COP also
rises. The COP shows a rise up to a concentration of 0.15 vol%, after which it decreases at a concentration of 0.2 vol%, approximately
mirroring the increase in COP at a concentration of 0.02 vol%. This change in COP ranges from 3.12% to 32.26%. The most significant
increase is observed at 0.15 vol%, with a COP improvement of 32.26% using an initial refrigerant charge of 0.442 kg.

The mechanism responsible for improving COP can be summarized as follows: COP increases as compressor work decreases [69].
This outcome stems from the reduction in compressor load, leading to a decrease in compressor work. This reduction in work is
attributed to the tribological impact of nanolubricants, which can provide substantially better lubrication compared to pure POE
lubricants. The introduction of nanolubricants has a significant positive effect on the COP value in the RAC system. This behavior is
attributed to improvements in the compressor’s heat transfer mechanism, cooling capacity, and overall energy efficiency. These
findings align with the work of Ahmed and Elsaid et al. [49], which suggests that the use of nanolubricants can enhance the coefficient
of performance in refrigeration systems. Similarly, Bakthavatchalam et al. [70] reported a substantial reduction in compressor work
and a consequent increase in the coefficient of performance in air conditioning systems through the use of nanolubricants.

The decrease in COP for the nanolubricant with the highest concentration of 0.2 vol% is illustrated in Fig. 13. This phenomenon can
be attributed to a significant increase in the density of the refrigerant and nanolubricant mixture under these conditions. The
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Fig. 10. Effect of initial refrigerant charge on heat absorption.
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introduction of 0.2 vol% nanoparticles to the lubricant has a substantial impact on the viscosity of the nanolubricant. As a result, this
phenomenon leads to a rise in pressure within the refrigerant line, consequently resulting in elevated temperatures at the inlet and
outlet of the compressor. The substantial temperature increase at the discharge outlet of the compressor hampers the efficiency of the
isentropic compression process, thereby leading to an increase in compressor work [71].

3.6. Power consumption evaluation

Fig. 14 illustrates the impact of nanolubricant utilization on the electrical power consumption of the RAC system. The graph
demonstrates that the use of FAl03-POE nanolubricant results in decreased power consumption compared to pure POE lubricant. A
decline in power consumption is evident at each concentration, up to 0.15 vol%. However, beyond this point, a substantial increase in
power consumption surpasses the adoption of pure POE lubricant at the 0.2 vol%.

Therefore, the adoption of nanolubricant significantly decreases the electrical power demand of the RAC system’s compressor. This
reduction can be attributed to the influence of dispersed nanoparticles in the lubricant, which impacts the pressure drop at the suction
and discharge inlets of the compressor. This pressure drop subsequently affects the low current entering the compressor, leading to a
reduction in the required electrical power [72].

At a concentration of 0.2 vol%, there was an increase in the compressor’s electrical current flow across all levels of the initial
refrigerant charge and all types of nanolubricant. This phenomenon can be attributed to the higher concentration of nanoparticles (0.2
vol%), leading to elevated pressure levels in both the suction and discharge refrigerant lines [73]. Consequently, this rise in pressure
contributed to an increase in temperature within the compressor’s discharge line.

The escalation in operating pressure and temperature at a concentration of 0.2 vol% resulted in an augmentation of the current
input to the RAC system. As a consequence, this situation prompted a rise in power consumption for the RAC system. However, the
findings provide evidence that the application of FAl,03-POE nanolubricant in conjunction with R32 leads to a reduction in electrical
power consumption by 13.79%-19.35%, respectively.

3.7. Uncertainty and consistency analysis

Table 5 presents an overview of the outcomes from the RSE calculations. An authentic air conditioning system setup was employed
in this investigation. The analysis of this study centered around critical parameters pertinent to the cooling system, including
refrigerant effect or heat absorption, compressor work, cooling capacity, vibration displacement, and coefficient of performance
(COoP).

Consistency analysis was conducted in this study using Equation (8) to calculate the relative standard error (RSE), as recommended
by previous researchers, in order to assess the measurement consistency and standard error of the mentioned parameters. In this study,
RSE values were computed based on experimental data from three runs conducted under the same conditions.

3.8. Central composite design of response surface methodology outcome

The quadratic model is the exact model advocated for each RSM analysis. These models are determined by maximizing the modified
R? and the projected R, as shown in Table 6.

3.8.1. ANOVA output

Table 7 demonstrates the analysis of variance for the quadratic model used to examine the adequacy of the FAl,03-POE/R32 model
developed by CCD RSM.

Table 7 presents the ANOVA response for FA1203-POE/R32. The table demonstrates that the ANOVA analysis yields a polynomial
model with a p-value <0.0001, signifying the model’s significance in fitting the experimental results within a 95% confidence level
[74]. B, A%, and B? are significant model terms in this context [75]. The model’s F-value of 133.08 suggests its significance. The strong
positive relationship between the analyzed factors and response is evident from the R? value of 0.9852. The predicted R? of 0.8933
reasonably aligns with the Adjusted R? of 0.9778. Adequate precision, which measures the signal-to-noise ratio [76], is represented by
a ratio of 29.6774 in this model, indicating a sufficient signal. This finding is in line with the research by Fazeli et al. [77].

3.8.2. 2D contour and 3D surface plot analysis

Fig. 15 and Fig. 16. illustrate the correlation and interaction of factors in the optimization process of the present study, presented in
2D contour and 3D surface shapes, respectively. Utilizing the CCD RSM model, these plots were constructed to showcase the impact of
factor variables and their interactions. Color variation indicates the effect of factor interaction. The curved and nearly round or oval
shape of the 2D contour plots signifies the relevant characteristics of RSM optimization [78].

The 3D surface contour exhibits the optimal operating conditions within a red, dome-shaped zone. This prominent dome shape
signifies the success of the optimization process. Consequently, the contour’s red zone indicates the ideal operational parameters. The
circular orbits observed in the 2D contour remain consistent across all regions of color variation, with no individual circular orbit
deviating or appearing anomalous [79]. Each element examined demonstrates a noteworthy influence on the targeted response. This
validation is evident on each matrix within Fig. 16 as a 3D surface.
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Table 5
Consistency values of the present study.
Mye Qe [kJ/kg] W. [kJ/kg] qc [kW] cop
kg
0.364 0.05 0.04 0.05 0.04
0.416 0.04 0.05 0.04 0.03
0.442 0.03 0.04 0.05 0.05
0.520 0.03 0.04 0.05 0.03
Table 6
Model summary statistics FAl;03-POE/R32.
Source Std. Dev. R? Adjusted R? Predicted R? PRESS
Linear 0.3882 0.1355 0.0025 —0.6854 0.3882
2FI 0.8050 0.1400 —0.0750 —2.8320 0.8050
Quadratic <0.0001 0.9852 0.9778 0.8933 <0.0001 Suggested
Cubic 0.6480 0.9867 0.9751 —0.4627 0.6480 Aliased
Table 7
ANOVA output of COP in FAl,03-POE/R32.
Source Sum of Squares df Mean Square F-value p-value
Model 2.16 5 0.4315 133.08 <0.0001 significant
A-Volume Concentration 0.0150 1 0.0150 4.63 0.0570
B-Refrigerant Charge 0.2817 1 0.2817 86.87 <0.0001
AB 0.0100 1 0.0100 3.08 0.1096
A? 0.6182 1 0.6182 190.67 <0.0001
B2 0.3782 1 0.3782 116.65 <0.0001
Residual 0.0324 10 0.0032
Lack of Fit 0.0324 3 0.0108
Pure Error 0.0000 7 0.0000
Cor Total 2.19 15
R? 0.9852 Std. Dev. 0.0717
Adjusted R? 0.9778 Mean 3.55
Predicted R? 0.8933 CV. % 2.02
Adequate Precision 29.6774

3.8.3. Optimization output

Table 8 presents the optimal solutions for each nanolubricant in the current evaluation. These solutions result from the determi-
nation of optimization criteria, which aims to achieve the "in range" COP value within the initial refrigerant charge range of 0.364%-
0.52% and the concentration range of 0.02 vol% to 0.2 vol%. Subsequently, the standard error was chosen to be minimized. The RSM’s
desirability function is employed to identify the optimal operating condition. The desirability value ranges from 0 to 1, with 1
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representing the most favorable condition [80-82].

The graph illustrates the values of factors such as volume concentration and initial refrigerant charge, which serve as the operating
conditions for the RAC system to attain the optimal COP. The optimal operating conditions are determined by considering the volume
concentration, initial refrigerant charge, and COP within the "in range" parameters. These factors contribute to deriving the optimal
solution using the developed model and its correlation, as shown in Fig. 17. This criterion was controlled by specifying the minimum
standard error to ensure the acceptability of the RSM results and recommendations [83]. An important insight is that the optimal
condition does not necessarily equate to the highest COP. Instead, the optimal condition revolves around the interaction relationship
between the independent variables (concentration and initial refrigerant charge) and the dependent variable (COP). Consequently,
while achieving the maximum COP is realized when applying FAl,03-POE nanolubricant at a concentration of 0.15 vol% with an
initial refrigerant charge of 0.442 kg, this scenario is not considered the optimum. The CCD-RSM suggests that the optimal condition is
a concentration of 0.11 vol% with an initial refrigerant charge of 0.442 kg as depicted in Fig. 17(a). This selection is rational, given that
adding nanoparticles at concentrations exceeding 0.11 vol% becomes ineffective for the RAC system.

Table 8

The optimized nanolubricant solution.
Nanolubricant Volume Concentration (%) Refrigerant Charge (kg) CoP Std Error Desirability
FAl,03-POE/R32 0.110 0.442 3.982 0.019 1.000
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Fig. 17. Ramps diagram optimization solution for FAl,03—POE/R32.

3.8.4. Optimization verification
The verification results of the RSM CCD optimization are shown in Table 9. The optimization analysis can be validated with a 95%
confidence level. The standard variation between experimental results and forecasts is within 1%.

4. Conclusions

The evaluation yields several significant findings: Firstly, the utilization of nanolubricant in the RAC system enhances heat ab-
sorption; however, this absorption diminishes as the initial refrigerant charge decreases. Furthermore, increasing the initial refrigerant
charge leads to improved cooling capacity performance. Secondly, the compressor work decreases up to a concentration of 0.15 vol%
and then increases at 0.2 vol%. These findings shed light on the impact of nanolubricant utilization on heat absorption, cooling ca-
pacity performance, and compressor work at varying concentrations within the RAC system.

Thirdly, the incorporation of the novel FAl;03-POE nanolubricant led to a rise in COP up to 0.15 vol%, followed by a decline at 0.2
vol%. The observed COP increase ranged from 3.12% to 32.26%, with the highest boost recorded at 0.15 vol% and an initial refrigerant
charge of 0.442 kg. Electric power consumption decreased at all concentrations up to 0.15 vol%, but a noticeable surge in COP was
seen at 0.2 vol%. The connection between initial refrigerant charge, nanolubricant concentration, and COP was affirmed by the high
R2 value of 0.9852, supported by the ANOVA output (p-value <0.0001, F-value = 133.08). The optimal nanolubricant combination
was identified at a concentration of 0.11% and an initial refrigerant charge of 0.442 kg, yielding a COP of 3.982 (standard error =
0.019, desirability = 1.000).

In our investigation of air-cooled air conditioner performance testing, we have gained valuable insights into these cooling systems’
capacity and efficiency ratings under various conditions. Our efforts have highlighted the factors influencing their operational
effectiveness, helping us understand their behavior and potential improvements. The present investigation has illuminated essential
aspects of air-cooled air conditioner performance testing. However, the absence of an ISO 5151:2017-certified experimental setup
presents a limitation that signals an exciting pathway for future research. By aligning our methodology with this internationally
recognized standard, we can enhance the rigor and reliability of our findings, ultimately contributing to a better understanding of air
conditioning system capabilities and efficiencies. As researchers and practitioners, we encourage the integration of standardized
protocols into performance testing endeavors, fostering a more cohesive and insightful body of knowledge in the field.

Table 9

Optimization validation of response surface methodology.
Parameter Value
COP Predicted Mean 3.99933
COP Predicted Median 3.99933
COP Experimental Data 4
Std. Deviation 0.056942
Std. Error Prediction 0.060099
95% PI Low 3.86542
Mean 3.999325
95% PI High 4.13323
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The significant rise in COP at a concentration of 0.11 vol% FAI203-POE presents a compelling pathway for extended exploration.
The complex interplay between nanoparticle properties and lubricant behavior is likely the primary factor driving these enhanced
performances. Investigating the altered physical properties of nanoparticles resulting from functionalization processes and their in-
teractions with the base lubricant within the system unveils novel research prospects.
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Nomenclature

FAl;,03 Functionalized Al,03

min Minute
vol % Volume %
Std Standard

POE Polyolester
UV Vis  Ultra Violet visible

T temperature(°C)

CCD Central composite design

RSM Response surface methodology
TEM Transmission electron microscopy
COP Coefficient of Performance

P Power

\Y Voltage

I Current

h Enthalpy

Greek symbols

17 Volume concentration(%)

p Density(kg/m®)

Subscripts

L Lubricant

P Nanoparticle

c Compressor

e Evaporator
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