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ABSTRACT: The selection as working fluid of the optimal commercial oil to be used as lubricant in a carbon dioxide (CO2) 

refrigeration system is not yet solved, although POE and PAG oils give acceptable results. The oil structure and the 

thermodynamic activity of the oil refrigerant mixture allow for proper lubricant selection. Then at our laboratory, a 

comprehensive analysis on the solubility of CO2 in certain industrial POE oils and their precursors is ongoing, and several 

tests have been carried out so far. Application of the CO2 as a refrigerant in air conditioning of vehicle requires development 

of an applicable lubricant for quick rotation of the compressor. Phase behaviour of the different lubricants that is synthetic in 

nature, when comes in contact with CO2 forms a basis for developing a carbon-dioxide cooling circuit. Moreover, the 

influence of carbon-dioxide on the viscosity of oil is crucial for evaluation of the lubricant. These evaluated data of binary 

mixtures have been calculated and measured at temperatures ranging between 5°C and 100°C under a pressure up to 150 

bars. The phase behaviour is qualitatively observed which takes place in the high-pressure view cell and complete content of 

the high-pressure view cell is monitored. The phase of equilibrium has been measured in an autoclave based static-analytical 

method. Lubricant’s viscosity which is saturated with carbon-dioxide has been calculated and measured with the integrated 

quartz viscometer. Carbon-dioxide with the phase behaviour of oils can be sub grouped into three different systems: systems 

with open miscibility gaps, binary systems with closed miscibility gaps, and the systems that show a barotropic phenomenon. 

Oils which show barotropic phenomenon coming in contact with compressed CO2 are not advisable and are not used as 

lubricants, but the oils with limited or completed miscibility with the carbon-dioxide may be used as lubricants. The awareness 

of phase behaviour and resulting viscosity of a gas-saturated lubricant allow an individual for evaluation of the applicability 

of lubricants in the car climatization systems. An analysis on the solubility of CO2 in industrial POE lubricants with specific 

ISO normal viscosity is described here on the basis of measurements conducted at 283 K and 343 K temperatures. In view of 

the development of thermodynamic models able to predict the properties of the oil refrigerant mixture, the results are discussed 

and compared with the solubility of precursors. 

KEYWORDS: Autoclave, Barotropic, car climatization, Gas-saturated lubricant, High pressure cell, Static analytical method, 

Viscometer.   

1. INTRODUCTION 

Despite their zero global warming potential (GWP) when released directly into the atmosphere, natural 

fluids are among the most promising refrigerants. Among them there is considerable attention to carbon 

dioxide (CO2) as an alternative to synthetic hydro fluorocarbons (HFCs) used in cooling systems[1]–[3]. 

However, its usage also poses numerous unanswered technological problems: one of them is the correct 

choice of the lubricant for each use. Though polyol ester oils (POE) and polyalkylene glycol oils (PAG) are 

widely used with carbon dioxide with acceptable results, several troubles can appear in the refrigerating 

machine depending on the working conditions due to undesired thermo-physical behaviour of the mixture 

oil refrigerant that is the actual working fluid circulating in the machine. Based on temperature and pressure, 

the unavoidable solution of CO2 in the oil contained in the compressor and the circuits will assess 

anomalies such as the creation of two liquid phases due to immiscibility, the buoyancy of lubricant-rich 

material in refrigerant-rich liquid due to barotropic behaviour, a sharp reduction of oil viscosity etc. Such 

phenomenon may cause harm to the compressors due to the reduced oil return or the oil's reduced 

lubricating capacity, but also adversely affect the efficiency of heat transfer in the evaporator and condenser. 

Good knowledge of the CO2 + lubricant systems' thermodynamic behaviour is therefore essential to the 

proper oil selection. There is a need to consider numerous thermophysical properties, but understanding the 

phase behaviour of the CO2+lubricant mixture, with particular reference to solubility, is of particular 

importance. To facilitate the advancement of both predictive and correlative thermodynamic models, as 

already suggested in the literature, extensive processing of reliable experimental data on solubility is critical.  

About more than 50 years, the chlorofluorocarbons (CFC) have been used as refrigerants for providing 

cooling in various systems. The manufacturing and use of these ozone depleting refrigerants have been 

restricted in Germany. Since then, R134a (fluorocarbon) came into role which has zero ozone depletion 

potential but highly contributes to greenhouse effect. In comparison to R134a, carbon-dioxide (CO2) is one 
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of the environmentally benign refrigerants which shall replace the commonly used refrigerants in the air-

conditioning systems in future. The challenges faced for designing of the compressor and whole cooling unit 

are small allowable size of climatization units in cars and the specific thermodynamic properties of CO2. 

The oil lubricates the bearings and shafts upon quick rotation of the compressor which provides necessary 

cooling capacity. The miscibility of the binary mixture on the other hand consists of the lubricant and 

carbon-dioxide that influences the lubricant’s viscosity and it facilitates a certain amount of oil running 

through the circuit as ballast. The awareness of fluid dynamic and thermodynamic properties of the binary 

system is mandatory for the development of a reliable and environment-friendly cooling circuit. 

Introduction of carbon-dioxide which is a natural refrigerant has effects upon fabrication and designing of 

each mechanical component and on the complete process of cooling. Pressures ranging in between 30.0 and 

140.0 bars and temperatures lying in between -10.0 and +140.0°C are mandatory for an improved cooling 

efficiency and establishment of a carbon-dioxide refrigerating plant in the cars. The cooling circuit includes 

a gas cooler, expansion valve, inner heat exchanger, compressor, low pressure receiver and evaporator. The 

pressure is raised at increasing temperatures of the environment for creating specific coldness. The reason 

behind the insertion of aforementioned inner heat exchanger is for increasing the gradient of isotherms at 

higher pressure and without the presence of heat exchanger, enthalpy of the gas cooler gets too higher. A 

fast rotating compressor is considered as the heart of a refrigerant plant. The compressor fails due to large 

mechanical stresses in shaft and bearings without lubrication. A minimum amount of viscosity is required 

for the lubricant coming in contact with the compressed carbon dioxide. The oil is must to be fed back from 

the cooling circuit into compressor for avoiding lack of lubrication. The oils with an improved miscibility 

with refrigerants like carbon dioxide are proved to be advantageous here.  

 

Figure 1: Structures off Different lubricants 

The lubricants that are applicable should possess following characteristics (i) good viscosity-cryogenic flow 

behaviour and temperature behaviour (ii) high thermal and chemical stability, and (iii) high boiling point 

and low solidifying point. Poly alkylene glycol (PAG), polyester (POE), and poly alpha-olefin (PAO) are 

the synthetic lubricants which partially succeeded in the application with the common refrigerants. Basic 

structures of these mentioned lubricants are illustrated in Figure 1. The lubricant in interaction with 

refrigerant carbon dioxide has to guarantee the sufficient lubrication of a compressor at higher temperatures 

also reduces the temperature in hotter parts of a compressor, i.e. bearings and shaft. Oil with lower viscosity 

is required at lower temperatures for the reflux obtained from cold parts of refrigerant plant into a 

compressor.   

2. EXPERIMENTAL SECTION 

2.1 Materials 

Air Liquid supplied carbon dioxide (CO2), 99.95 per cent purity. Icematic SW 32, Icematic SW 46 and 

Icematic SW 68 are the three commercial POE lubricants subject of the analysis. Every sample was placed 

under vacuum and then used with no further purification to remove the non-condensable gases. For the three 

commercial oils, an elementary analysis was performed with the aim of estimating their molar mass, 

provided they are formed by mixtures of pure linear or branched pentaerythritol tetraalkyl esters. These pure 

esters are present in Icematic SW 32 as demonstrated in Bobbo et al. (2006b), and are generally indicated as 

precursors of commercial POE lubricants. The relationship between the Elementary Analysis results (i.e., 

the two mixtures of pure pentaerythritol tetraalkyl esters prepared in our laboratories were calibrated to 

determine the quantity of C, H and O in the oil sample and the molar mass of the sample analysed; one 

consisting of a series of linear chained compounds (PECs) and the other a series of branched chained 

compounds (PEBMs) of different molar masses. As the molar mass of these compounds is known, it was 

possible to measure the molar masses of the two known mixtures and then compare the measured values 

with the results obtained from the elementary analysis, achieving an agreement within one per cent and 
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verifying the method's reliability. Table 1 reports the estimated molar masses of the three commercial 

lubricants 

Table 1: Molar mass for three commercial POE oils, estimated by elementary analysis, PEC’s and 

PEBMs 

 SW 32 SW 46 SW 68 PEC4 PEC6 PEC8 PEBM5 PEBM7 

Molar 

Mass 

549 589 640 412.02 530.12 639.2 469.5 579.96 

3. RESULTS AND DISCUSSION 

3.1 Phase Behaviour  

3.1.1 PAG with Carbon-dioxide: 

The lubricant categorized upon PAG basis illustrates different phase behaviour in the mixture with carbon-

dioxide. The three phase area also results in this binary system (picture 2, Figure 4). Increase in volume of 

lower phase is comparatively smaller when compared to binary system POE with carbon-dioxide under 

same conditions provided[4]–[7]. The reason behind is that lesser amounts of carbon-dioxide gets dissolved 

in PAG lubricant. The lubricant is only partly miscible with the CO2 (liquid) at high pressures ranging up to 

150.0 bars (pictures 3, 4). 

 

3.1.2 POE with Carbon-dioxide: 

The pictures in (Figure 3) illustrates the phase condition of the binary system POE-carbon dioxide at 5.0 °C 

and pressures ranging up to 150 bars.  Phase interface of the carbon-dioxide saturated oil is increased at the 

pressure of 40.0 bars (picture 2). The dissolved amount of carbon-dioxide results in increased volume of 

lubricant phase. Both the phases above lubricant phase contain liquid and gaseous carbon-dioxide. Only one 

of the phases mainly consists of liquid carbon-dioxide at the pressure of 50.0 bars (picture 3) that exists 

above lubricant. At that very point, the lower phase volume decreases because of highly soluble property of 

POE in liquid carbon-dioxide. The miscibility gap closure is noticed at the pressure of 56.0 bars (picture 4). 

With the rise in pressure, phase behaviour does not undergo anymore changes (pictures 4 to 6). 

3.1.3 PAO with Carbon-dioxide: 

The lubricants are noticed with barotropic behaviour, which possess lower density as compared to the liquid 

phase comprising of liquid carbon-dioxide and the dissolved lubricant. PAO having density of 

approximately 840.01kg/m3 at 15.0 °C and 1.0 bar showcases the phase behaviour with compressed carbon-

dioxide at the temperature of 5.0 °C (Figure 5). At 40.0 bars, the carbon-dioxide lubricant PAO which is 

highly saturated begins to sail on liquid carbon-dioxide phase (Figure 2). Gaseous carbon-dioxide exists 

above these ‘mixed phases’. The phase inversion is depicted distinctly in (Figure 3 and 4) at pressures 

ranging from 50 to 150 bars. Lower phase comprises of the liquid carbon-dioxide that is saturated with the 

lubricant and upper phase includes the lubricant PAO which is saturated with carbon-dioxide. 

 

Figure 3: Phase Behavior of the System POE-CO2 (T=5ºC) 
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Figure 4: Phase Behavior of the System PAG-CO2 (T=5ºC) 

 

Figure 5: Phase Behavior of the System PAO-CO2 (T=5ºC) 

3.2 Mixture Viscosity of the Lubricants: 

The solubility of carbon-dioxide and the phase behaviour influences lubricant’s viscosity.  At low pressures 

higher the temperature, lower is the velocity of the oil. When the pressure raises and ranges from 40.0 bars 

to 60.0 bars, the dependency relation changes that means with the rise in temperature, viscosity also gets 

increased. The behaviour gets changed because of the soluble property of the carbon-dioxide in oil. The 

impact of dissolved carbon-dioxide more obviously in a logarithmic viscosity-composition graph on the 

right-hand side. The viscosity is reduced by increase in temperature at a constant composition. In the 

characteristic operating points, viscosity of carbon-dioxide saturated oils POE, PAG and PAO is compared. 

The pure oils have distinct viscosities. The viscosity of PAG is highest, followed by POE comparatively 

having lesser viscosity than PAG. PAO's lubricant viscosity lies in between the PAG and POE viscosities by 

approximately a factor of around ‘3’. Due to extremely elevated carbon-dioxide solubility in each operating 

point in the blend, the POE has the smallest viscosity and shows the most favourable flow conduct at 0.3 

mPa in the evaporator[8]–[14]. The elevated viscosity and comparatively low carbon-dioxide solubility of 

the PAG blend in the entire cooling circuit are increased. Only the evaporator with 8.0 mPa viscosity is 

shown to have better fluidity relative to the PAO lubricant with 21.0 mPa s. PAO demonstrates almost the 

same viscosity of the compressor blend as POE in the gas cooler. PAO has the largest viscosity of the 

lubricants studied in the cold areas of the circuit, particularly in the evaporator. 

4. CONCLUSION 

The phase behaviour of the lubricant on the cooling cycle and the fuel reaction in the compressor are of vital 

importance. The carbon-dioxide solubility of the lubricant significantly affects the flow conduct of the oil 

and thus the viscosity of blend throughout the cooling circuit. High fluidity, especially at low temperatures 

is beneficial for oil reflux from evaporation into the compressor. The increased solubility of the lubricant in 

the coolant constitutes another criterion. The reflux to the compressor is secured when the oil in an 

evaporator is completely dissolved in the coolant and the coolant can be evaporated with the fluid 

lubrication layers unrestrictedly. PAG and PAO are not totally miscible to carbon-dioxide. PAG and PAO 

slightly dissolve in the coolant. In certain conditions, the PAO shows barotropic behaviour, which means 

that the lubricant floats on liquid carbon-dioxide. This may lead to problems that arise during compressor 

start-up process. In addition, because of the low CO2 solubilities, PAG and PAO can get stuck in unwanted 

locations in the cooling circuit. Furthermore, an elevated perhaps unfavourable, viscosity of the blend in the 

lubricant causes low CO2 solubility, particularly in colder areas. Increased pressure losses may be the 

consequences in the plant. The totally miscible POE-carbon dioxide binary system has excellent flow and 

hydrocarbon solubility in refrigerant, especially at lower temperatures. 
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