Case Studies in Thermal Engineering 52 (2023) 103717

Contents lists available at ScienceDirect

Case Studies in Thermal Engineering

ELSEVIER journal homepage: www.elsevier.com/locate/csite

Check for

Performance of hybrid electric vehicle air-conditioning using e
SiO5/POE nanolubricant

N.N.M. Zawawi °, A.H. Hamisa ™, W.H. Azmi ®" ", Tri Yuni Hendrawati ¢, S. Safril >°

@ Centre for Research in Advanced Fluid and Processes, Lebuhraya Tun Razak, 26300, Gambang, Kuantan, Pahang, Malaysia

Y Faculty of Mechanical and Automotive Engineering Technology, Universiti Malaysia Pahang Al-Sultan Abdullah, 26600, Pekan, Pahang, Malaysia
¢ Faculty of Science, Engineering and Agrotechnology, University College of Yayasan Pahang, 25050, Kuantan, Pahang, Malaysia

d Department of Chemical Engineering, Universitas Muhammadiyah Jakarta, J. Cempaka Putih Tengah 27, Jakarta, 10510, Indonesia

€ Department of Automotive Engineering Technology, Politeknik STMI, Jakarta, Indonesia

ARTICLE INFO ABSTRACT
Handling Editor: Huihe Qiu The automobile air-conditioning (AAC) system uses the most energy among all auxiliary com-
Keywords: ponents in hybrid electric vehicles (HEV) with an electrically-driven compressor (AAC-EDC).
Nanolubricants Incorporating nanolubricant improves AAC-EDC performance and reduces battery and AAC
Coefficient of performance component size. This study aims to assess the performance of an AAC-EDC system by employing
Hybrid electric vehicle Si0O,/POE nanolubricants. The performance of the AAC-EDC was examined using SiO2/POE with
Air-conditioning system a volume concentration of up to 0.01 %, a refrigerant charge of 120-160 g, and a compressor
Silicon dioxide speed of 1200-3840 rpm. The performance of the AAC system was measured by its heat ab-
sorption, compressor work, coefficient of performance (COP), and EDC power consumption. The
SiO,/POE was stable for 30 days with a zeta potential of 102.5 mV. The SiO2/POE demonstrated
superior performance over the pure POE lubricants. The compressor work and power consump-
tion were reduced to 26.17 % and 11.97 %, respectively. The lowest expansion valve discharge
temperature of 9.6 °C was achieved at 160 g refrigerant charge and compressor speed of 3840
rpm. The nanolubricant attained the highest COP of 3.36 at 1860 rpm speed and 160 g charge.
The SiO2/POE nanolubricant with a volume concentration of 0.01 % is highly recommended for
optimal performance in the AAC-EDC system.
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BDE belting-driven compressor
COF coefficient of friction
CoP coefficient of performance
cSt centistokes
EDC electrically-driven compressor
EDX energy dispersive X-ray
FESEM field emission scanning electron microscopy
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HEV hybrid electric vehicles
HFC hydrofluorocarbon
PAG polyalkylene glycol
POE polyol-ester

PPE personal protective equipment
PWM pulse width modulation
TEM transmission electron microscopy

VCRS vapour compression refrigeration system

Symbols

@ volume concentration, %
h enthalphy

m mass, g

u dynamic viscosity, cSt
N Compressor speed, rpm
Q cooling capacity, kJ/kg
QL heat absorption, kJ/kg
P pressure, kPa

P, Power consumption, W
p density, kg/m>

T temperature, °C

Win Compressor work, kJ/kg
Subscripts

L lubricant

D nanoparticle

1. Introduction

The automotive air-conditioning (AAC) system consumes the most energy among the auxiliary components in the conventional
vehicle and hybrid electric vehicle (HEV) [1]. The utilization of additional load by the AAC system reduces efficiency, wastes energy,
increases fuel consumption and increases greenhouse gas emissions. Globally, the use of fuel and the efficiency of energy are becoming
the most pressing concerns. According to Atik and Aktas [2], the AAC system consumes the most energy among the auxiliary com-
ponents in the vehicle. The system also is the second largest energy used in cars after the power train [3]. In addition, Rugh et al. [4]
concluded that using air conditioning in vehicles strengthens the greenhouse effect. Fontaras et al. [5] have reviewed that fuel con-
sumption associated with the AAC system increased up to 27 %. In another paper, Carlson et al. [6] also stated that the operation of the
AAC system is one of the most significant factors affecting real-world fuel consumption. Recent AAC systems employ the vapour
compression refrigeration cycle to provide thermal comfort in the vehicle cabin. The air temperature and relative humidity determine
thermal comfort in the passenger compartment [7]. The AAC system requires substantial energy and contributes to greenhouse gas
emissions to maintain passenger thermal comfort in adverse weather conditions.

An engine powers the air-conditioning system in a conventional vehicle through a belting-driven compressor (BDC). In contrast, the
HEV uses an electrically-driven compressor (EDC) to operate the air-conditioning system and is powered by direct current from the
vehicle’s battery. The AAC-EDC system’s power source is a significant concern in HEV. The exclusively available energy for HEV
propulsion is the electricity stored in the battery pack, so additional power consumed by the AAC-EDC system will affect the overall
performance of the HEV. With the compact design of the AAC system, the need for energy will consume size, weight, space, and the cost
of the battery. Appropriate lubricants may enhance the compressor’s performance and dependability [8]. The working fluid in the AAC
system consists of refrigerant and compressor lubricant. Most lubricant is in the compressor, and some are circulating in the AAC
system. The compressor lubricant is used to lubricate the compressor. The EDC is easy to set up and maintain and has a significant
potential for lowering fuel usage [9]. By boosting the air conditioning system’s efficiency, it is possible to minimize fuel or energy
consumption and emissions to obtain the required thermal comfort. These allow the air conditioning system to contribute less to the
environmental problem and minimize the rising worldwide demand for energy. The AAC system’s lubricant type is the most significant
distinction between the EDC and the BDC. Polyalkylene-glycol (PAG) lubricant is primarily used in conventional AAC system while
polyol-ester (POE) lubricant is commonly used in AAC-EDC system [10-12].

Many approaches and research have been explored to enhance the performance and improve the AAC system’s energy saving [13,
14]. In addition, the performance of the AAC system must be improved to eliminate the environmental effect and reduce the
dependence on worldwide fuel usage. The performance and workload of the AAC system can be improved through vapour compression
technologies [15-18]. Despite its high energy consumption and poor environmental consequences, the vapour compression refrig-
eration system (VCRS) is a widespread refrigeration method [18]. One of the passive methods is by introducing nanolubricants in the
AAC system [19]. The compressor’s performance in the AAC system can be enhanced by integrating the nanoparticles dispersion
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technology by introducing nanoparticles into the refrigeration system, namely nanolubricant [20] and nanorefrigerant [21]. The
nanolubricant and nanorefrigerant have been employed frequently in VCRS and proven with high potential for improving the system’s
thermodynamic and mechanical performance. The dispersion of nanoparticles for VCRS can be done in two ways. The first technique
for nanorefrigerant involves dispersing nanoparticles into the refrigerant. In contrast, the second method for nanolubricant comprises
dispersing nanoparticles into the compressor lubricant and using nanolubricant in the AAC-EDC system to improve overall perfor-
mance. There are several advantages of using nanolubricant in the AAC system. The nanolubricant can improve the miscibility and
solubility of the refrigerant-lubricant mixture, increase thermal properties, and enhance tribological properties [22]. However, the
non-conductive compressor lubricant requires proper nanoparticle material selection for dispersing into the POE lubricant.

The changes in heat transfer properties, tribology, and refrigerant mixture characteristics may affect the compressor’s and system’s
pressure characteristics [23]. In one of the findings, it has been shown that various working pressures are used in a vapour compression
system, giving different results for the compression work and, thus, the power consumption [24]. Mineral oil with TiO, nanoparticles
was tested in a residential refrigerator by Bi et al. [25] and is considered one of the pioneering works for nanolubricant in VCRS. R134a
refrigerant and POE lubricant were used in their investigation. The refrigerator’s performance with nanoparticles was evaluated using
energy-saving testing equipment and utilized with 26.1 % less energy. On the other hand, Subramani and Prakash [26] attained up to
25 % energy consumption reduction when they employed Al,03/MO nanolubricants in VCRS. The Al;03/PAG nanolubricant was
tested in an AAC-BDC system experiment by Redhwan et al. [27]. In their investigation, the optimal Al;03/PAG nanolubricant with
0.01 % volume concentration offered the maximum performance of the AAC-BDC system. AloO3/PAG nanolubricant, with an average
of 28 %, had the most significant COP increase of up to 31 %. Redhwan et al. [28] have studied the thermo-physical characteristics of
composite nanolubricant. Al;03 and SiO, nanoparticles were dispersed into PAG lubricant to formulate the Al;03-SiO2/PAG com-
posite nanolubricant. The maximum thermo-physical characteristics of composite nanolubricants have been reported at a volume
concentration of 0.1 %, with a rise in thermal conductivity of up to 2.4 % and an increase in viscosity of up to 9.71 %, respectively.
Therefore, the use of nanolubricant in VCRS is promising to improve the overall system performance in terms of heat transfer char-
acteristics, tribological performance, and refrigerant-lubricant solubility behaviour [29,30]. However, the investigation on AAC
performance with nanolubricant is limited in literature compared to other refrigeration systems performance with nanolubricant. But
to the best of the author’s knowledge, none research is undertaken for nanolubricant in AAC-EDC system.

Although the performance of the AAC system with nanolubricant has been documented in prior studies, these reports focused
mainly on BDC and PAG nanolubricants [31,32]. However, a limited study was undertaken for AAC-EDC with POE lubricant and none
with nanolubricants. Therefore, in this study, the influence of nanolubricants on the performance of the AAC system will be inves-
tigated. Nanolubricants comprised of SiO,/POE combination are prepared in a two-step method, and stability investigation was
carried out. Then, an AAC system test bench is designed to experimentally examine AAC system performance by utilizing the SiO2/POE
combination. The performance of SiO5/POE nanolubricant for the AAC-EDC system is investigated. The experimental investigation is
then carried out to gather data and support using nanolubricants in the AAC-EDC system.

2. Materials and methods

2.1. Descriptions of nanoparticles and lubricants

Metal oxide nanoparticles, namely SiO, were used to prepare nanolubricants. This study used SiO, (amorphous) nanoparticles
with 99.9 % purity and an average size of 30 nm with a spherical shape. The SiO; nanopowder was procured from Beijing DK
Nanotechnology. In order to assess the chemical composition of the nanoparticles, EDX analysis was utilized. Fig. 1 depicts the cor-
responding peaks and details of EDX spectrum values measured in atomic and weight percentages using FESEM. Both elements were
identified in the EDX, and the atomic percentages of Silicon (Si) and Oxygen (O) were 74.419 and 25.581, respectively. The additional
peak element in the EDX spectrum represents the reference peak for the Carbon element, however insignificant. These nanoparticles
also were characterized by the transmission electron microscopy (TEM) technique. The properties of the SiOy nanoparticles are
depicted in Table 1. Wearing the proper personal protective equipment (PPE) and adhering to all safety precautions are advised by the
manufacturers when preparing nanolubricants while handling nanoparticles.

The EDC lubricant used in this experiment was polyol-ester (POE), the working fluid for the AAC-EDC system. The EDCs are
powered by high-voltage electric motors housed internally. The electric motor coil and other components interact with the compressor

Si Spectrum 2
o) Element Weight % Weight % o Atomic %
Oxygen  62.367 0.191 74.419
Silicon 37.633 0.191 25.581
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Full Scale 14501 cts Cursor: 0.000 keV|

Fig. 1. EDX analysis of the SiO, nanoparticles.
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Table 1

Properties of SiO, nanoparticles [33,34].
Property Unit SiO,
Thermal Conductivity W/m.K 1.4
Specific heat J/k.K 745
Density @ 20 °C Kg/m® 2220

oil in these compressors. It must, therefore, possess some degree of electrical short-circuit resistance. Dielectric properties are one
factor contributing to the integrity of the electrical windings of a compressor. PAG lubricant is most frequently used in conventional
AAC systems, whereas POE (polyol-ester) oil is used most in AAC-EDC systems. The POE is often used in electric compressors in hybrid
cars and other cars with electric compressors because it has good dielectric properties and has been used in electric compressors for
more than 20 years. This study employed POE RL68H Emkarate, and Table 2 lists the properties of this lubricant. The Emkarate RL
68H, an ISO VG 68 synthetic POE lubricant, is designed for HFC-refrigerant-using compressors for air conditioning and refrigeration
systems [35]. This product provides excellent wear protection for steel and aluminium surfaces for longer system life and improved
performance. The low-temperature properties and exceptional chemical and thermal stability of POE RL68H allow its application over
a broad temperature range. In addition, it is naturally lubricious across a wide temperature range, mixes well with HFCs and other
refrigerants, and is chemically stable with other system components.

2.2. Preparation and stability of nanolubricant

my

q,:m”" = %100 (€))]

Pp PL

Determining the mass of the nanoparticles is the first step in preparing the nanolubricant. The specific mass of nanoparticles needed
with a high precision weight balance with a resolution of 0.001 g for a predefined volume concentration was determined using
Equation (1).

where ¢ is the volume concentration in percent, m, and m;, are the lubricant and nanoparticle masses, respectively, with p, and p,
are the lubricant and nanoparticle density, respectively. Moreover, to prevent the formation of clumps, each nanoparticle is passed
through a filter in addition to being weighed.

All the nanolubricants were prepared using a two-step method, with variations in volume concentration of up to 0.1 %. A magnetic
stirrer was used to distribute the nanoparticles throughout the lubricant evenly. The mechanical agitation technique lasted for around
30 min at room temperature. As the process continued, the nanolubricants were stabilized, and the size of the aggregation diminished.
Before proceeding with the performance measurement, the nanolubricant must be stabilized and its agglomeration reduced to avoid
any impending problems. The nanolubricant was then continuously homogenized while stirring and agitated using a Fisherbrand
FB15015 ultrasonic bath vibrator. The ultrasonication process serves several functions, the most important of which are the deag-
glomeration of nanoparticles, the reduction in nanoparticle size, the production and deposition of nanoparticles, and the distribution
of nanoparticles into the base fluids [36]. The ultrasonic bath vibrator homogenizer generates ultrasonic pulses at a frequency of 50
kHz. The bath frequency, water temperature, and volume are constant throughout the sonication process. The nanolubricant was
found to be best sonicated for 3 h without the addition of surfactant. Therefore, the samples that had been sonicated for 3 h for the best
stability were then fixed throughout the study as the evaluation of the nanolubricants’ stability and performance progressed. Fig. 2
demonstrates an illustration of the process of preparing nanolubricants. The current study’s stability evaluation methodology includes
the sedimentation photographing technique, micrograph evaluation, and zeta potential measurement.

2.3. Experimental setup for AAC-EDC system

An experimental setup known as the AAC test rig was created and developed to test the efficiency of the system while using the new
lubricant. In particular, the original components of the AAC system from a hybrid car were used to build this experimental setup, which
was constructed using the same materials as the actual car or vehicle. This AAC system was mounted on the test rig setup, including a
water bath for an evaporator, an inverter frequency controller, a data logger, and various kinds of piping systems and instruments for
measurement. The configuration of the AAC-EDC system test rig is depicted in Fig. 3. The main components of a typical AAC system are
the condenser, evaporator, expansion valve, compressor, receiver drier, and piping system. In the current study, the AAC system was
designed to use an alternative type of compressor called an electric-driven compressor (EDC). The next crucial component of the AAC

Table 2

Properties of POE RL68H lubricant [35].
Property Unit POE RL68H
Viscosity @ 40 °C cSt 66.6
Viscosity @ 100 °C cSt 9.4
Pour Point °C -39
Density @ 20 °C g/ml 0.977
Flash Point COC °C 270
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Fig. 2. Process of preparing nanolubricants and instrumentations used.
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Fig. 3. AAC-EDC system schematic diagram for experimental setup.

system in the study is the driver and control system, which uses electricity to drive the inverter frequency controller and the EDC. The
cycling system was installed to prevent the compressor from running continuously throughout the experiment. The third component is
the pipe and water bath system for evaporators. This system ensures that the evaporator temperature can be measured quickly and



N.N.M. Zawawi et al. Case Studies in Thermal Engineering 52 (2023) 103717

consistently. The cooling capacity is calculated by immersing the evaporator in a water bath and using the ASHRAE 41.9-2000
calorimeter test procedures for mass flow measurements of volatile refrigerants [37]. The water bath system included a flow trans-
ducer, two-way inlet and outlet pipes, a fully insulated tank, and a water heater that managed the water’s temperature and flow rate.

The AAC-EDC system was properly instrumented with temperature indicators, pressure gauges, and low-rate sensors. The ther-
mocouple was installed at 12 different locations, including the pipeline for the AAC system and the inlet and outlet points for each
major component. A calibrated K-type thermocouple was used to measure the temperatures at these various locations following the
ANSI/ASHRAE (1986) standard. The K-type thermocouple, which has a diameter of 0.3 mm and a tolerance of +1.5 °C, is designed for
temperature ranges between —40 and 375 °C. Each measurement of the water flow rate and temperature measurement was tracked
and recorded using a data logger module. The pressures in the evaporator and condenser were measured and recorded using calibrated
digital pressure gauges. The power consumption of the AAC-EDC system was manually measured, monitored, and recorded with the
assistance of AC/DC power clamps. The test rig was placed in the control room to adhere to the SAEJ2765 [38] standard. The tem-
perature and humidity were maintained between 24.5 and 25.5 °C as well as 45 % and 65 %, respectively.

2.4. Experimental procedures

Each safety procedure and standard must be strictly followed during the development of the AAC-EDC system test rig and once the
rig is operational. This procedure ensures that the testing apparatus is always in excellent condition. The equipment, measurement
apparatus, sensors, and all other components are inspected to ensure compliance with all security procedures. The AAC-EDC test rig
was filled with R134a at a pressure of 300 kPa before the experiment. The pressure was maintained for 24 h to ensure the system was
leak-proof. The AAC-EDC system was then evacuated to remove the R134a refrigerant, and nitrogen (N2) gas was used to ensure that
any trapped contaminants had been released. Then, to completely evacuate the AAC-EDC system, a vacuum pump was attached to the
service port and operated for one to 2 h. Once the leak test was completed and confirmed that the AAC-EDC system was in good
condition, the experimental process to determine its performance was conducted following the rules and recommendations of the
SAEJ2765 standard. The parameters of the AAC-EDC system used in the experiment are listed in Table 3.

The EDC was lubricated with 100 ml of POE RL68H lubricant before the commencement of the experiment run. The refrigeration
system was then charged with the appropriate amount of R134a. Next, the required refrigerant charge, measured in grams, was
determined using a weighing scale. After that, water was added to the bath, completely submerging the evaporator. With the aid of the
water heater, the water temperature at the intake and output was balanced. The inlet water flow rate was also sustained at 3 lpm. After
completing all pre-experimental procedures, the AAC-EDC system was powered up, and the initial speed was set to 1200 rpm by
adjusting the PWM duty cycle. Before that, the frequency was fixed and kept at 50 Hz. After 15 min of operation, the temperature,
pressure, power consumption, and water mass flow rate were recorded and logged for 5 min. Afterwards, the data recording was
stopped, and the heater and the compressor were turned off.

The experiment was then repeated using various compressor speeds. The compressor speeds varied at 660 rpm intervals between
1200 and 3840 rpm. After completing the initial refrigerant charge, the steps were repeated for subsequent charges of 120-160 g. The
procedure was then carried out again for different nanolubricant volume concentrations. The AAC-EDC system must be cleaned by
flushing out all the previously used nanolubricants with a refrigerant recovery machine. This step was necessary to ensure that earlier
samples did not contaminate the subsequent nanolubricant sample.

2.5. Analysis of performance parameter

After all the data had been gathered and analyzed, the performance parameters of the air conditioning system were established. The
POE RL68H lubricant and nanolubricant were used at volume concentrations ranging from 0 to 0.1 %. The specific analytical pro-
cedure is therefore described in greater detail in this section. Temperature and pressure sensors concerning compressor work, heat
absorption, cooling capacity, and COP are located at specific points and conditions. The exact point of enthalpy value was calculated
using the measured temperature and pressure. Then, this experiment used five different initial refrigerant charges, five different
volume concentrations, and five different compressor speeds to collect data on temperatures and pressures. This set of data was
repeated for nanolubricants. Each data set was repeated three times to ensure its accuracy and dependability.

As recommended by SAE International Standard SAEJ2765 [38], the AAC-EDC was in steady-state conditions before temperature
and pressure measurements. The enthalpy at the point of interest was calculated and determined by analyzing the temperature and
pressure. Consequently, the heat absorption (QL), compressor work (Win), and performance coefficient (COP) can be calculated. The
heat absorption, compressor work, COP, cooling capacity (Q;), and EDC power consumption (Pc) are described in Equation (2) to 7,
respectively.

Or=hy —he (2

where hs = hg.

Table 3

Experimental parameters for the AAC-EDC system.
Parameters Unit Range
EDC compressor speed rpm 1200-3840
Refrigerant charge Gram (g) 120-160
Volume concentration, ¢ % 0-0.01
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2.6. Uncertainty analysis

The experiment used measuring devices and sensors such as thermocouples, refrigerant gauges, flow meters, and weighing scales.
The list of sensors, apparatus and the degree of accuracy for each instrument is presented in Table 4, and the summary associated with
the uncertainty analysis of measured variables and calculated experimental parameters is provided in Table 5 and Table 6, respec-
tively. In the present uncertainty analysis, the variables from measurement are temperature, pressure, power consumption and water
flow rate. In contrast, the calculated experimental parameters are heat absorption, cooling capacity, compressor work and coefficient
of performance. A fractional uncertainty formula was used to calculate the uncertainties of the present variables. Measured variables
had an uncertainty range between 0.01 % and 0.82 %, while calculated experimental parameters had an uncertainty of less than 1 %.

3. Results and discussion

3.1. Stability evaluations of SiO2/POE nanolubricants

A set of nanolubricants, namely SiO»/POE, was set aside and kept stationary in test tubes at different volume concentrations. The
nanolubricants were kept uninterrupted in the test tubes for up to 30 days to get a precise image. The samples were observed daily. All
samples’ images were captured on the first day of preparation and again after 30 days for qualitative comparison evaluation. The
samples of the nanolubricants at different volume concentrations are shown in Fig. 4. The SiO/POE nanolubricants were observed
with good stability conditions. However, the transparent physical appearance of SiO3 nanoparticles in POE lubricants may be hidden in
the actual sedimentation condition of this type of nanolubricants. In the present study, it should be noted that no surfactant was
utilized to prepare these nanolubricants. This condition is essential to avoid drawbacks to the AAC-EDC system during operation and
application. Generally, all samples in the present study were observed with insignificant sedimentation without any visible separation
layer between the nanoparticles and lubricants.

The TEM image of SiO2 nanoparticles suspended in POE RL68H lubricant for amplifications of x 180,000 is shown in Fig. 5. In this
type nanolubricants, the micrograph images display the least amount of clustering and aggregation of nanoparticles. The size of SiO,
nanoparticles is 15 nm, with the nanoparticles observed to be spherical. For nanolubricants, minimal clustering and agglomeration of
nanoparticles were observed with good dissemination of nanoparticles in the POE RL68H-based lubricant. The zeta potentials for SiOy/
POE nanolubricants were measured at 102.5 mV. The absolute value of zeta potential above 60 mV is desirable for excellent stability
conditions of the nanolubricants. The nanolubricants of this study in Fig. 6 exhibited zeta potential values of more than 60 mV, which is
proven to be beyond the stability limit. Therefore, the nanolubricants in this study were confirmed in excellent colloidal condition.
Accordingly, the nanolubricants of the present study are concluded to have excellent stability conditions, which can be proceeded for
performance evaluations. The nanolubricants’ stability is evaluated by comparing the result of the measurement of the absolute value
of the zeta potential to the classification of the nanolubricants’ stability provided by Lee et al. [39].

3.2. Performance of AAC-EDC using SiO»/POE nanolubricant

The performance of the AAC-EDC system will be discussed thoroughly in this section and onwards. The section presents the
compressor, cooling, and overall system performance outcome. The compressor performance mainly focuses on compressor work and
EDC power consumption. In comparison, the cooling performance highlights the heat absorption and cooling capacity of the AAC-EDC
system. Lastly, the expansion valve discharge temperature and coefficient of performance (COP) are evaluated to analyze the overall
system performance. Initially, the condition and validity of the present AAC-EDC system test rig must be tested thoroughly using POE
lubricants before the performance of the nanolubricants can be evaluated. The general trend performance for the AAC-EDC system was
determined and compared with previous research works in the literature. The performance of the AAC-EDC system using POE

Table 4

Measuring instrument ranges and accuracy.
Sensors/Equipment Range Accuracy
K-type Thermocouple, °C —40 to 375 +1.5
Refrigerant gauge, kPa —100 to 6000 +0.5
Water flow meter, LPM 0to 100 +1.0
Weighing scale, kg 0to 25 +0.001
Power clamp, kW 1to10 +0.01
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Table 5

Summary of the uncertainty for the measured variables.
Measured variables Measurement Least division in instrument Uncertainty (%)

Min Max Min Max

Pressure, P [kPa] 347 690 +0.5 0.07 0.14
Temperature, T [°C] 12.2 49.5 +0.1 0.23 0.82
Power consumption [kW] 113.7 175.5 +0.01 0.01 0.01
Water flowrate, m [L/min] 4 4 110 0.25 0.25

Table 6

Summary of the uncertainty for the calculated experimental parameters.
Calculated variables Uncertainty (%)
Heat absorption 0.56-0.88
Compressor Work 0.37-0.43
Coefficient of Performance (COP) 0.68-1.00
Cooling Capacity 0.62-0.93

(b)

Fig. 4. Visual sedimentation for SiO»/POE nanolubricants: (a) First day after preparation; (b) After 30 days of preparation.

Fig. 5. SiO,/POE nanolubricants ( x 180,000).
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Fig. 6. Zeta potential of SiO,/POE nanolubricants.

lubricants was used as a baseline for the relative performance evaluation of SiO,/POE nanolubricants. Initially, the optimal amount of
initial refrigerant charge into the AAC-EDC system must be sought to reach the system’s optimum performance and efficiency [27,40,
41]. Subsequently, the performance analysis in the present study was evaluated by varying the initial refrigerant charge.

The AAC-EDC system was charged with R134a refrigerant with an initial refrigerant charge between 120 and 160 g to commence
the AAC-EDC system operation and verification. Then, the performance of the AAC-EDC system using pure POE lubricants and SiOy/
POE nanolubricant was investigated. The compressor, cooling, and overall system performance were analyzed and plotted against
various refrigerant charges. Later, the optimum initial refrigerant charge was determined. The optimum refrigerant charge was
confirmed through the expansion valve discharge temperature analysis. The expansion valve discharge temperature, which gives the
lowest temperature reading, determines the optimum refrigerant charge.

Fig. 7 portrays the compressor work, Wy, for SiO2/POE nanolubricant at 0.01 % volume concentration compared with pure POE
lubricants at different compressor speeds and variation of initial refrigerant charge for 120, 140 and 160 g. From the graph, the
compressor work of SiOy/POE nanolubricant increases with increasing the compressor speed and agrees with the trend of pure POE
lubricants. These results could be related to the increase in compressor stroke with rising compressor rotation and the amount of initial
refrigerant charge [42,43]. Compared to the AAC-EDC system employing pure POE lubricants, the SiO,/POE nanolubricant in Fig. 7 is
considerably lower compressor work than POE lubricants for all refrigerant charges and compressor speeds. Reducing the coefficient of
friction (COF) in the compressor is crucial in lowering the compressor’s energy consumption [44]. Therefore, reducing compressor
work by SiO2/POE nanolubricant also contributes to improve tribological performance with lower COF than POE lubricants to deliver
smoother and lesser work by the compressor. Other researchers also support this behaviour [27,45,46] in the literature.

Fig. 8 shows the electrically-driven compressor (EDC) power consumption for 0.01 % volume concentration of SiO5/POE nano-
lubricant compared to POE lubricants at different compressor speeds and various initial refrigerant charges. The EDC power
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Fig. 7. Compressor work of SiO,/POE nanolubricant at different compressor speeds.
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Fig. 8. EDC power consumption of SiO,/POE nanolubricant at different compressor speeds.

consumption for SiO/POE nanolubricant in Fig. 8 increased obviously with the compressor speed. A slight decrement happened at the
speed of less than 1840 rpm, but the power consumption was increased back until the maximum speed. This trend was also supported
by Atik and Aktas [2] with similar findings in their work. Excitingly, the SiO2/POE nanolubricant at 0.01 % volume concentration was
performed with lower EDC power consumption than pure POE lubricants and followed for all compressor speeds and initial refrigerant
charges. The SiO2/POE nanolubricant using 120 g refrigerant charge at 2520 rpm performed with the highest power consumption
reduction compared to the pure POE lubricants. Furthermore, compared to pure POE lubricants, the EDC power consumption
decrement also occurred for other refrigerant charges and compressor speeds with smaller drops. This trend agrees with the finding of
compressor work reduction in Fig. 7. This result demonstrates that improved tribological performance reduced the compressor work of
SiO/POE nanolubricant consequently minimizing the compressor’s EDC power consumption. This finding confirmed the feasibility of
SiO2/POE nanolubricant for application in the AAC-EDC system.

The ability to absorb heat by the evaporator, Q; and the effective expansion valve discharge temperature are considered essential
parameters for the cooling performance evaluation of the AAC-EDC system. Fig. 9 represents the heat absorption at different
compressor speeds with a variation of initial refrigerant charge for the AAC-EDC system using SiO»/POE nanolubricants, respectively.
In general, from the graph, the heat absorption for nanolubricants increased with the compressor speed and initial refrigerant charge.
This trend occurred for SiO2/POE nanolubricants. A similar pattern was also applied to the previous trend by POE lubricants. From
Fig. 9, the SiO2/POE nanolubricant at 0.01 % volume concentration showed significantly higher evaporator heat absorption than the
AAC-EDC system using pure POE lubricants.

The figure confirmed that the evaporator’s heat absorption for the AAC-EDC system with nanolubricants performed better than the
pure POE lubricants. This outcome is possibly due to the thermal properties of the nanolubricants. According to Sharif et al. [47], it was
observed that the thermal conductivity of low-concentration nanolubricants exhibited a notable increase in comparison to base
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Fig. 9. Heat absorption of SiO,/POE nanolubricant at different compressor speeds.
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lubricants. This enhancement can be attributed to the Brownian motion of nanoparticles within the nanolubricants. Furthermore,
incorporating nanoparticles can potentially enhance the lubricant’s thermal resistance properties. However, the thermal resistance of
nanolubricant is increased because of the grouping of nanoparticles, leading to a decrease in thermal conductivity when aggregation
occurs [48]. The thermal resistance between nanoparticles significantly increases as the particle contact radius decreases. The
interparticle resistance is notably influenced by the forces acting between particles, precisely the existence or absence of chemical
bonds among nanoparticles [49]. Furthermore, as the nanoparticle’s diameter decreases, the impact of interfacial force strength on
thermal resistance becomes more pronounced. In another paper, Sharif et al. [41] concluded that the performance of the AAC system
using SiO2/PAG nanolubricants was enhanced because of the heat absorption improvement better than base PAG lubricants.

The expansion valve discharge temperature for 0.01 % volume concentration of SiO2/POE nanolubricant as the function of
compressor speed with several initial refrigerant charges is depicted in Fig. 10. The discharge temperature of the nanolubricants was
compared to pure POE lubricants in the figure. From the graph, the expansion valve discharge temperature decreased to a particular
value by increasing the compressor speed and the initial refrigerant charge. The lowest expansion valve discharge temperature of
9.6 °C was achieved at 160 g initial refrigerant charge and a maximum compressor speed of 3840 rpm. The expansion valve discharge
temperature of SiO2/POE nanolubricant was reduced dramatically compared to pure POE lubricants and complied with all operating
conditions. The improvement of lower discharge temperature for SiO/POE nanolubricant was attained because the synergies between
the compressor performance and the cooling performance were outperformed in the previous section.

Subsequently, the COP variation at different compressor speeds and various initial refrigerant charges was plotted in Fig. 11 for
SiO2/POE nanolubricant at 0.01 % volume concentration. The COP of the SiO2/POE nanolubricant was compared to pure POE lu-
bricants. Generally, the COP for pure POE lubricants and SiO,/POE nanolubricant was increased with the initial refrigerant charge.
However, it was decreased by increasing the compressor speed. As stated in the previous section, heat absorption and compressor work
contributed to this circumstance. Excitingly, the COP of SiO5/POE nanolubricant at 0.01 % volume concentration was improved
remarkably higher than pure POE lubricants for all initial refrigerant charges and compressor speeds. The SiO2/POE nanolubricant
attained the highest COP of 3.36 at 1860 rpm compressor speed and 160 g initial refrigerant charge. In addition, the figure shows a
substantial value of COP difference between SiO,/POE nanolubricant and pure POE lubricants. Therefore, applying SiO/POE
nanolubricant at 0.01 % volume concentration in the AAC-EDC system performs excellently compared to the original POE lubricants.

3.3. Performance at different volume concentrations

Fig. 12 displays the compressor work for SiO,/POE nanolubricant at different volume concentrations. The AAC-EDC system using
SiO2/POE nanolubricant was performed with lower compressor work than POE lubricants. The compressor work reduction occurred
for almost all volume concentrations except 0.1 % and dropped up to 11.1 % at 0.01 % volume concentration. The compressor work of
SiO2/POE nanolubricant at 0.1 % volume concentration showed a small increment higher than POE lubricants but insignificant. This
finding can be related to tribology performance and rheological behaviour. According to the previous literature [27,45,46], the lower
COF of nanolubricants than their base lubricants contributes to reducing compressor work by SiO2/POE nanolubricant in the present
study. The compressor with nanolubricants can operate under a low power load, reducing the compressor work significantly. However,
the compressor work will increase by increasing the volume concentration of nanolubricants due to the rheological behaviour. The
viscosity of nanolubricants was increased with increasing volume concentration [28,47]. Subsequently, the compressor work of
SiO2/POE nanolubricant is higher than POE lubricants at a volume concentration of more than 0.07 % because of a significant viscosity
increment.

Fig. 13 depicts the heat absorption for SiO,/POE nanolubricant at various volume concentrations. From the figure, it was observed
that the SiO2/POE nanolubricant at all volume concentrations absorbed more heat significantly higher than pure POE lubricants with
the increment from 33.1 % and up to 44.0 %. The variation of the heat absorption is almost similar for different volume concentrations.
The SiO2/POE nanolubricant’s heat absorption fluctuated in a small range between 20.38 and 22.05 kJ/kg, higher than POE lubricants
with a heat absorption of 15.31 kJ/kg. Therefore, the present nanolubricant in the AAC-EDC system executes with significant heat
absorption improvement higher than POE lubricants for all volume concentrations. However, the variation of the initial refrigerant
charge must influence the best heat absorption performance. Even though the SiOy/POE nanolubricant performs well with heat ab-
sorption, the compressor work performance must be scrutinized. It is pointless to claim that the present nanolubricants achieve good
performance according to the heat absorption alone if the work done by the compressor is higher than pure POE lubricant at high
volume concentration. Therefore, COP analysis is required to conclude the present SiO/POE nanolubricants’ overall performance by
considering both components of compressor work and heat absorption.

After completing the compressor and cooling performance evaluations, further analysis of the coefficient of performance (COP) for
the SiOy/POE nanolubricants was undertaken. Subsequently, Fig. 14 portrays the COP variation for SiO,/POE nanolubricant at
different volume concentrations. From the graph, the COP of SiO,/POE nanolubricants was confirmed to always be better than POE
lubricants for all ranges of volume concentration in the present study. As shown in Fig. 14, the COP enhancement was accomplished by
SiO2/POE nanolubricant at all volume concentrations compared to POE lubricants. The highest COP increment was attained up to 53.8
% by SiO,/POE nanolubricant at 0.01 % volume concentration. Therefore, the present nanolubricants improved the performance of
COP expressively and showed a feasible potential for application in the AAC-EDC system.

The optimum performance of the AAC-EDC system with SiOy/POE nanolubricants was investigated with varying volume con-
centrations to obtain the optimum system performance. Table 7 summarises the average enhancement of AAC-EDC system parameters
at various volume concentrations. The SiO5/POE nanolubricants at a volume concentration of 0.01 % exhibit the most significant
average decrease in compressor work and the best average increase in the COP. Interestingly, 0.07 % SiO/POE nanolubricants
indicate the most remarkable heat absorption enhancement of up to 44.0 %. Meanwhile, the heat absorption of 0.01 % is increased to
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Average enhancement for AAC-EDC system performance with a variation of volume concentrations.

Volume concentration, ¢ (%) Average enhancement (%)

Win (kJ/kg) QL (kJ/kg) CoP
0.01 -11.1 36.8 53.8
0.03 -5.1 331 39.8
0.05 -1.9 37.9 40.4
0.07 -1.8 44.0 46.2
0.10 4.1 42.6 36.8

36.8 %. Finally, the overall performance for the AAC-EDC system seen at 0.01 % volume concentration is deemed satisfactory and
improved significantly compared to pure POE lubricants, which exhibit COP improvements for up to 53.8 %.

4. Conclusions

A comprehensive analysis of the performance of the automotive air-conditioning with an electrically-driven compressor (AAC-
EDC) system using SiO2/POE nanolubricant was undertaken. The nanolubricant was prepared using a two-step method, and their
stability was evaluated. In addition, the design and development of the test rig were elaborated. The experimental work then
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considered heat absorption, compressor work, cooling capacity, coefficient of performance (COP), and EDC power consumption to
determine the performance of the AAC-EDC system utilizing nanolubricants. The relationship between heat absorption, compressor
work, cooling capacity, coefficient of performance (COP), and EDC power consumption was plotted and discussed. With zeta potential
values greater than 60 mV, the SiO,/POE nanolubricant exhibited the best stability conditions based on visual observation and was
found to be in excellent stability conditions. Compared to POE lubricants, the SiO5/POE nanolubricant with a volume concentration of
0.01 % provides the lowest compressor work and EDC power consumption. Work and energy consumption of the compressor were
reduced by a maximum of 26.17 % and 11.97 %, respectively. At 160 g refrigerant charge and 3840 rpm compressor speed, the lowest
expansion valve discharge temperature of 9.6 °C was achieved. The SiOy/POE nanolubricant with a volume concentration of 0.01 %
achieved the highest COP increase of up to 53.8 %. The highest COP of 3.36 was performed at a compressor speed of 1860 rpm and a
refrigerant charge of 160 g. Therefore, the optimal performance of an AAC-EDC system operating with SiOy/POE nanolubricants in
experimental evaluation is proposed with a volume concentration of 0.01 %. For optimal performance in the AAC-EDC system, it was
recommended to use SiO5/POE nanolubricants with a volume concentration of 0.01 %.
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