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ABSTRACT 
 

The oil migration has great impact on the vapor compression systems, especially for systems that require frequent on-

off cycling. Excessive amount of oil retained in the system and lack of oil return to the compressor can cause low 

system efficiency and potential compressor failure. This paper aims at exploring oil-refrigerant mixture properties 

during startup and shutdown period at different locations in the system. The variation of temperature and pressure 

would result in different mixture concentrations and properties. Oil properties like solubility, viscosity, density, 

surface tension and contact angle can be influenced and will affect system performance. 

 

During the compressor shutdown, the oil flow in contact with the inner wall of discharge stops immediately with while 

oil droplets in the vapor core flow slower and stop gradually. In the end, oil droplets flow down and coalesce with oil 

film to accumulate at the bottom of the tube. The high-speed camera and video analysis method are used to analyze 

oil migration and show variation of surface tension, viscosity, and wettability. Properties of mixture like solubility, 

density, saturation pressure and viscosity are predicted using existing models. 

 

1. INTRODUCTION 
 

Lubricant is essential in vapor compression systems. To keep compressor working properly, oil is required to reduce 

friction and minimize wear inside the compressor. Oil properties are supposed to meet the lubrication demand suitably. 

During compressor shutdown, refrigerant migrates to components with the lowest temperature in the system. Vapor 

refrigerant is dissolved into liquid oil and significantly changes oil properties such as density, viscosity, saturation 

pressure and surface tension. Too much refrigerant in oil can decrease magnitude of oil viscosity, which is one of the 

most important factors in compressor performance. Large solubility change at startup can cause serious problems like 

oil foaming, lack of lubrication, etc. Many studies mostly focus on oil properties at steady state under different system 

working conditions. For decades, measurement of refrigerant-oil mixture properties has been investigated. Daniel et 

al. (1982) established chart for dilution and viscosity variations under the system operating temperature and pressure. 

Seeton and Hrnjak (2006) measured mixture properties with viscosity meter and sampling method based on ASTM 

Standard D445, and improved Daniel chart with more refrigerant and lubricant combinations in different temperature 

and pressure ranges. In addition, researchers developed property estimation model based on temperature, pressure, 

and refrigerant mass fraction variation. Yokozeki (1994) developed general solubility and viscosity model of 

refrigerant-oil mixture based on thermodynamic property experimental data. Seeton and Hrnjak (2009) modeled 

vapor-liquid-equilibrium (VLE) and vapor-liquid-liquid-equilibrium (VLLE) properties of CO2-lubricant mixtures 

based on ASTM Standard D7142.  

 

Unfortunately, there have not been many previous studies on thermophysical property changes and transient migration 

of oil-refrigerant mixture at startup and shutdown. The refrigerant dissolves after shutdown and escapes from oil at 

startup. To illuminate the mixture vapor-liquid equilibrium (VLE) behavior effect on mixture properties under 

saturation process, this study modeled solubility, density, viscosity and saturation pressure variation at startup and 

shutdown. Furthermore, oil migration at compressor suction and discharge is analyzed and discussed. Oil and 

refrigerant flow behavior shows close relation to surface tension and viscosity change.   

mailto:elbel@illinois.edu


 

 2265, Page 2 
 

19th International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022 

2. EXPERIMENT DESCRIPTION 
 

The schematic diagram of the experimental apparatus is shown in Figure 1. The main components of the system are 

variable-speed electrical scroll compressor, microchannel-type evaporator and condenser, and an electronic expansion 

valve (EEV). Flow visualization setup is built at compressor discharge and suction. Two environmental chambers are 

controlled at the AHRI AFull conditions as prescribed in AHRI standard 210/240 (2017) with heaters and cooling 

chiller. R134a and polyalkylene glycol (ISO PAG 46) lubricating oil are used as refrigerant and lubricant for the 

experiment. This is a commonly used combination and is fully miscible in the system under the working conditions 

according to Seeton and Hrnjak (2009). Basic lubricant properties are shown in Table 1. 

 

Table 1: Basic properties of ISO PAG 46 (ND-8) 

 

Density (g/cc) 
Viscosity at 

40°C 
Viscosity at 

100°C 

Flash point 

0.9944 43.32 cSt 9.234 cSt 204°C 

 

The steady-state data for 2000 RPM is shown in Table 2. The temperature and pressure at compressor suction and 

discharge are measured with T-type thermocouples and pressure transducers to estimate the mixture composition and 

property change.  

 

 
 

Figure 1: Schematic of the test facility 

 

The flow visualization section is composed of a high-speed camera, LED panel light source and transparent tube. The 

detailed tube material and sizes are discussed in the works of Wang et al. (2022). Visualization position of discharge 

is 0.8 m downstream of the compressor. Visualization position of suction is 0.5 m downstream of the compressor.  

 

Table 2: Steady state data for 2000 RPM 

 

Subcooling (°C) Superheat (°C) Suction 

pressure (kPa) 

Suction 

temperature 

(°C) 

Discharge 

pressure (kPa) 

Discharge 

temperature 

(°C) 

6 10.5 445 25.5 1110 66.6 
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3.  PROPERTY MODELING 
 

This section introduces existing models which will be used to estimate refrigerant solubility in oil and mixture 

properties.  

  

3.1 Refrigerant-oil Mixture Solubility Model 

Solubility of refrigerant in oil can cause significant deviations between the thermodynamic properties of refrigerant-

oil mixture and pure oil. Many refrigerant-oil solubility models based on vapor liquid equilibrium are available in the 

literature. Among them, Martz et al. (1996) presented that the liquid-vapor phase fugacity (gamma-phi) model is 

commonly used in predicting mole fraction of refrigerant in liquid phase. To calculate coefficients in the model, semi-

theoretical mixture models such as Flory-Huggins Polymer Theory, Wilson Model, non-random two-liquid model 

(NRTL), Universal Quasichemical Model (UNIQUAC), and Heil Model are applied based on experimental data. 

However, these models need adequate thermodynamic property data of different refrigerant-oil mixtures. The 

reliability of vapor pressure and temperature correlation varies among different mixture concentrations. Greber and 

Crawford (1992) found strong negative deviations between Flory-Huggins Polymer Theory solution and experimental 

results. To improve accuracy of solution prediction and simplify calculation, here, an empirical model of R134a-PAG 

oil solubility presented by Greber and Crawford (1992) is applied to predict refrigerant mass fraction. The temperature-

pressure-concentration relation is given by the Equation (1) to (4): 

 

𝑇∗ = (1 − 𝑤𝑟)[𝐴(𝑤𝑟) − 𝐵(𝑤𝑟)𝑝] (1) 

Where  

 

𝑇∗ =
𝑇 − 𝑇𝑠𝑎𝑡(𝑝)

𝑇𝑠𝑎𝑡(𝑝)
 

(2) 

 

𝐴(𝑤𝑟) = 𝑎0 +
𝑎1

𝑤𝑟
1/2

 

 

(3) 

𝐵(𝑤𝑟) = 𝑏0 +
𝑏1

𝜔𝑟
1/2

+
𝑏2

𝜔𝑟
+

𝑏3

𝜔𝑟
3/2

+
𝑏4

𝜔𝑟
2
 

 

 

(4) 

 

𝑝 = system pressure, Pa 

𝑇 = temperature, K 

𝜔𝑟 = refrigerant mass fraction 

𝑇𝑠𝑎𝑡 = saturation temperature at system pressure, K 

𝑎0 through 𝑏4: empirical correlation constants 

 

Table 3: Values of empirical coefficients for R134a-PAG mixture 

 

Coefficient  𝑎0 𝑎1 𝑏0 𝑏1 𝑏2 𝑏3 𝑏4 

R134a/PAG -7.15E-2 5.99E-2 1.71E-3 -2.97E-3 1.70E-3 -3.76E-4 3.00E-5 

 

Values of empirical coefficients used in the Equation (3) and (4) are shown in Table 3. The model can be used to 

predict liquid refrigerant fraction with temperature and system pressure. However, there are limitations of the model. 

The model is not capable of predicting solubility when the refrigerant is in two-phase, also not accurate at high 

refrigerant concentrations. In this paper, this model is mostly used in low refrigerant concentrations conditions with 

superheated refrigerant.  

 

3.2 Mixture Liquid Density 

Mixture liquid density can be calculated with given temperature and refrigerant mass fraction. The empirical equation 

is supposed by Seeton and Hrnjak (2009) as below: 

 

𝜌 = 𝑎1 + 𝑎2𝑇 + 𝑎3𝑇2 + 𝜔𝑟(𝑎4 + 𝑎5𝑇 + 𝑎6𝑇2) + 𝜔𝑟
𝑛(𝑎7 + 𝑎8𝑇 + 𝑎9𝑇2) (5) 
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Where 

 

𝜌 = density, g/cc 

𝑇 = temperature, K 

𝜔 = refrigerant mass fraction 

𝑛 = concentration coefficient 

𝑎1through  𝑎9: correlation constants 

 

𝑎1through  𝑎9 empirical values are provided in Table 4 to predict density of R134a (0-70%)-PAG 46 mixture from 

Seeton and Hrnjak (2006). 

 

Table 4: Values of empirical coefficients for R134a-PAG mixture density 

 

Coefficient  𝑎1 𝑎2 𝑎3 𝑎4 𝑎5 𝑎6 𝑎7 𝑎8 𝑎9 n 

Density 

R134a/PAG 

(0 to 70% 

R134a) 

1.23 -8.81E-4 6.00E-8 5.91E-1 -1.86E-3 2.63E-6 1.18E-1 9.92E-4 -4.96E-6 2 

. 

3.3 Mixture Liquid Viscosity  

Mixture liquid viscosity can be calculated with given temperature and refrigerant mass fraction. The empirical 

equation is supposed by Seeton and Hrnjak (2009): 

ln(ln(𝜐𝑚𝑖𝑥 + 0.7 + 𝑒−𝜐𝑚𝑖𝑥𝐾0(𝜐𝑚𝑖𝑥 + 1.244067))) = ∑ ((1 + ∑ 𝜑𝑖𝑗𝜔𝑖𝜔𝑗

𝑗

) ∗ 𝜔𝑖 ∗ (𝐴𝑖 − 𝐵𝑖 ln(𝑇)))

𝐼

 

 

(6) 

Where 

𝑇 = temperature, K 

𝜔𝑖 =mass fraction of component i 

𝜐𝑚𝑖𝑥 =mixture kinematic viscosity, cSt 

𝐴𝑖 and 𝐵𝑖: fit parameters for each pure fluid in the mixture 

𝐾0: zero order modified Bessel function of the second kind 

𝜑𝑖𝑖 = 𝜑𝑗𝑗 = 0  

𝜑𝑖𝑗 = 𝐴𝑖𝑗 + 𝐵𝑖𝑗𝜔𝑖 + 𝐶𝑖𝑗𝑇 + 𝐷𝑖𝑗𝜔𝑖𝑇 

 

Table 5: Kinematic viscosity parameters of R134a-PAG mixture 

 

  ISO PAG 46 R-134a 

Viscosity parameters A 17.789 19.146 

B 2.866 3.84 

Interaction Parameters 𝐴𝑖𝑗 8.9211 -21.0421 

𝐵𝑖𝑗 -0.0208 0.0348 

𝐶𝑖𝑗 -17.6611 19.2536 

𝐷𝑖𝑗 16.2445 -9.8310 

 

3.4 Mixture Saturation Pressure 

Mixture saturation pressure can be estimated with given temperature and refrigerant mass fraction. The empirical 

equation is presented by Seeton and Hrnjak (2009): 

 

log10(𝑃𝑚𝑖𝑥) = 𝑎1 +
𝑎2

𝑇
+

𝑎3

𝑇2
+ log10(𝜔)(𝑎4 +

𝑎5

𝑇
+

𝑎6

𝑇2
) + log10

𝑛 (𝜔)(𝑎7 +
𝑎8

𝑇
+

𝑎9

𝑇2
) 

 

(7) 

Where 

𝑃𝑚𝑖𝑥 =saturation pressure, bar 
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𝑇 = temperature, K 

𝜔 = refrigerant mass fraction 

𝑛 = concentration coefficient 

𝑎1through  𝑎9: correlation constants 

 

Table 6: Values of empirical coefficients for R134a-PAG mixture 

 

Coefficient  𝑎1 𝑎2 𝑎3 𝑎4 𝑎5 𝑎6 𝑎7 𝑎8 𝑎9 n 

Mixture 

vapor 

pressure 

4.19 -8.74E2 -3.95E4 -1.61 7.66E2 -9.14E4 -9.83E-1 1.64E2 -1.68E4 2 

 

4. FLOW VISUALIZATION AND PROPERTY CHANGE AT SUCTION 
 

4.1 Mixture Flow at Suction: Shutdown 

Flow visualization at suction during the compressor shutdown is shown in Figure 2. The mixture flow before shutdown 

was composed of oil annular mist flow and vapor refrigerant flow. 0.23 s after shutdown as Figure 2 (b) shows, the 

oil film flow stopped. Viscous oil layer distributed uniformly on the tube inner wall. Then after 0.24 s, the oil layer 

flowed down due to gravity and accumulated at the bottom of the tube as shown in Figure 2 (c), the oil layer was still 

wavy because of moving vapor refrigerant flow. Finally, 1s after shutdown, oil stopped completely and kept still.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 2: Flow visualization at suction (a) before shutdown (b) 0.23 s after shutdown (c) 0.47 s after shutdown (d) 1 

s after shutdown 

 
The flow visualization shows the oil stops flowing. The annular oil film stopped moving forward and spread on the 

tube wall, then flowed down and stayed steady. During the process, the surface tension and viscosity changed rapidly 

due to the change of solubility and pressure.  

 
4.2 Mixture Solubility and Saturation Pressure Variation at Suction 

Refrigerant solubility in oil is shown in Figure 3 (a). The refrigerant mass fraction is estimated by empirical model 

discussed in Section 3.1. As shown in Figure 3 (a), the solubility dropped rapidly at compressor startup and reached 

the minimum value of refrigerant mass fraction in liquid phase, which validated phase transaction and oil foam 

phenomenon for cold startup visualization (Wang et al., 2022). The refrigerant mass fraction maintained at 0.215 at 

steady state. After shutdown, the solubility increased fast (45s) as suction pressure suddenly increased. Here pressure 

and temperature have opposite impact on solubility change. The solubility increases with increasing pressure and 

decreasing temperature according to Henry’s Law. The suction temperature increased from 23.6 °C to 25.5 °C (0.6%) 

Annular-

mist flow 
Flow 

stopped 

Viscous 

layer 

Oil 

accumulation 
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after shutdown, however, the pressure increased from 411.2 kPa to 677.5 kPa (164.8%), which is much more rapidly 

than thermodynamically change. 

 

The mixture saturation pressure calculated in Section 3.4 was influenced by refrigerant mass fraction and temperature 

as shown in Figure 3 (b). The variation trend was like mass fraction. The saturation pressure decreased acutely at 

startup since large amount of refrigerant escaped from the liquid phase. After shutdown, vapor refrigerant dissolved 

in oil and gradually condensed to liquid phase, and as a result, the mixture saturation pressure increased. 

 

 
 (a) (b) 

Figure 3: Refrigerant mass fraction (a) and mixture saturation pressure change (b) at suction  

 

4.3 Mixture Density and Viscosity Variation at Suction 

Density variation of R134a-PAG 46 mixture calculated by Equation (5) is shown in Figure 4 (a). The density decreased 

to the minimum value initially, then increased to steady value. During shutdown, the density increased rapidly with 

increasing refrigerant mass fraction because of higher density of refrigerant than oil.  

 

 
(a) (b) 

 

Figure 4: Mixture density (a) and viscosity (b) change at suction 

 
Mixture viscosity change is predicted by Equation (6) and shown in Figure 4 (b). The viscosity increased initially at 

startup due to refrigerant fraction and temperature decrease. Then three minutes after startup, the suction temperature 

suddenly decreased from 24 °C to 14 °C, viscosity also showed fluctuation from 18 cSt to 33 cSt at the same time. 

The viscosity of mixture fixed at 20 cSt at steady state. After shutdown, the viscosity rapidly decreased. As shown in 
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Figure 3 (a), the solubility increased from 0.2 % to 0.7 % fast after shutdown. In addition, temperature increased 0.6 

%. Therefore, viscosity decreased from 20 cSt to 1 cSt in one minute. 

 

5. FLOW VISUALIZATION AND PROPERTY CHANGE AT DISCHARGE 
 

5.1 Mixture Flow Visualization at Discharge: Shutdown 

Flow visualization at discharge during compressor shutdown is shown in Figure 5. Before shutdown, as shown in 

Figure 5 (a), the oil flow was composed of small oil droplets in vapor core as well as oil streams and droplets attached 

to the inner wall of the tube. The oil droplets in vapor core were more than 2 orders of magnitude faster than oil 

streams attached to the wall. Due to low oil circulation ratio (OCR) and low compressor speed, the oil was not able to 

form uniform oil film in the tube wall.  

 

0.78 s after shutdown as shown in Figure 5 (b), the oil stream stopped and dispersed into oil droplets, while the oil 

droplet was still traveling due to the much higher velocity. After 0.1 s, oil mist stopped traveling with vapor refrigerant 

and coalesced into oil droplets as shown in Figure 5 (c). The droplets flowed down due to gravity slowly then as shown 

in Figure 5 (d).  

 

The droplets showed the “tear-like” phenomenon during shutdown in Figure 5. The same phenomenon was observed 

by Worsoe-Schmidt (1960) and explained with surface tension effect. In addition, Manwell and Bergles (1990) argued 

oil viscosity change contributed more to “tearing” at the temperature range (0-40 °C). Wongwises et al. (2002) 

believed the tear flowing process might be related to the mixture viscosity and wettability. The wettability (contact 

angle) of Perfluoroalkoxy alkane (PFA) surface with R134a-PAG 46 mixture is not measured or evaluated before. As 

a reference, Fukuta et al. (2020) evaluated wettability of metal surfaces with refrigerant-oil mixture by measuring the 

contact angle of mixture, it is found that the contact angle of mixture decreases with increasing refrigerant 

concentration. But the spread speed of droplets was influenced by tube material because of different solid surface 

energy.   

 

 

 
                          (a) 

    

 
                             (b) 

 
 (c) 

 
           (d) 

 
Figure 5: Flow visualization at suction (a) before shutdown (b) 0.78 s after shutdown (c) 0.88 s after shutdown (d) 

3.29 s after shutdown 

 
5.2 Mixture Solubility and Saturation Pressure Variation at Discharge 

As shown in Figure 6 (a) the refrigerant solubility in oil initially decreased after startup, then suddenly increased to a 

maximum value of mass fraction then decreased rapidly. Temperature and pressure both decreased in the first three 

minutes then increased during startup period. The solubility variation was influenced more by pressure at first, because 

the pressure decreased more rapidly (43 kPa) in the first three minutes after startup. Though the pressure increased, 

however, it is believed the increasing temperature affected solubility dominantly in the long term, which can explain 

the decrease of solubility. 

 

Oil droplet 

Oil stream 

“Tear like”  

Oil flows 
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Figure 6 (b) shows mixture saturation pressure change. In this case, the saturation pressure showed the same variation 

trend as the discharge temperature. Although refrigerant mass fraction generally decreased during operation, the 

saturation pressure still increased because of increasing temperature. 

  
 (a) (b) 

Figure 6: Refrigerant mass fraction and mixture saturation change at discharge (a) Refrigerant mass fraction in 

liquid (b) Mixture saturation pressure 

 

5.3 Mixture Density and Viscosity Variation at Discharge 
Density variation of R134a-PAG 46 mixture is shown in Figure 7 (a). The density decreased initially, then increased 

to a peak value, then decreased to steady-state value. During shutdown, the density increased slightly due to the slight 

change of solubility in Figure 6 (a) and temperature. 

 

 
(a) (b) 

 

Figure 7: Mixture density (a) and viscosity (b) change at discharge 

 

Mixture viscosity change is predicted by Equation (6) and shown in Figure 7 (b). The viscosity increased initially at 

startup due to refrigerant fraction decrease. The viscosity of mixture decreases with increasing temperature under at 

the same concentration. During the first three minutes the solubility decrease was more acute than temperature 

increase. While 5 minutes after startup, the solubility decrease was slower, and temperature increase effect caused 

viscosity fluctuation. The viscosity of mixture maintained at 7 cSt at steady state. After shutdown, the viscosity 

increased slightly because of temperature decrease. Compared to the mixture of viscosity at suction at steady state, 
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the mixture viscosity at discharge is smaller with the similar refrigerant mass fraction, which is due to the higher 

temperature (65 °C) at discharge than suction (23 °C).  

 

6. CONCLUSIONS 
 

In vapor compression system, the lubricant oil is essential in increasing the compressor longevity and system 

performance. The solubility of R134a in ISO PAG 46 oil is modeled with temperature and pressure variations at 

compressor suction and discharge, which helps understand the mixture behavior and contribute to keep high-quality 

lubricant in the compressor. The solubility decreased 69% from system off to steady state at suction and decreased 

71% at discharge during startup. Properties such as density, saturation pressure, and viscosity are predicted by 

refrigerant mass fraction, temperature, and pressure. Oil properties changed dramatically due to the temperature and 

refrigerant concentration change. The viscosity of mixture increased from 1 cSt to 20 cSt at suction during startup and 

also decreased rapidly after shutdown. At discharge, the viscosity variation shows different effect of solubility and 

temperature. The flow visualization results at suction and discharge during shutdown show the change of mixture 

viscosity, surface tension and wettability.    

 

NOMENCLATURE 

 
Ai coefficient of mixture viscosity  

Aij coefficient of mixture viscosity  

A(𝜔𝑟 )                          coefficient of solubility  

𝑎0 through 𝑎9              coefficients   

Bi coefficient of mixture viscosity  

Bij coefficient of mixture viscosity  

B(𝜔𝑟 )                          coefficient of solubility  

𝑏0 through 𝑏4               coefficients of solubility  

Cij coefficient of mixture viscosity  

Dij coefficient of mixture viscosity  

OCR oil circulation ratio 

p pressure (kPa) 

T temperature (K) 

𝜈  kinematic viscosity (cSt) 

𝜑  coefficient of mixture viscosity  

𝜌 density (g/cc) 

𝜔  mass fraction of component in refrigerant-oil mixture  

Subscript  

* non-dimensional saturation temperature  

i component i in refrigerant-oil mixture  

j component j in refrigerant-oil mixture  

mix refrigerant-oil mixture  

r                                   refrigerant 

sat                       saturation 
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