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Abstract: This paper deals with several measurement methods for oil circulation ratio (OCR) 
in CO2 heat pump systems in which immiscible oil (PAG) is used. These methods can be 
used to investigate the effects of OCR, and the effect of an oil separator on the system 
performance. The visual or oil-droplet method (OCR measurement method by measuring the 
numbers of oil droplets and the time required) proposed by Gao and Honda, was modified for 
higher mass velocities and higher OCR conditions. The results agree well with those 
measured by the oil-volume method (OCR measurement method by measuring the oil-
volume and the time required). The heat-balance method for measuring OCR was also 
proposed, and the results show that the method is reliable for high OCR conditions although 
the accuracy was about ±1 mass%. Measurement of oil concentration using the densimeter 
method was also conducted, and results showed that oil concentration is different from OCR 
in a system with immiscible oil. 
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1 INTRODUCTION  
 
In a CO2 heat pump system, PAG oil is charged in the system, and used to lubricate the 
compressor. When the system is in operation, some of the oil is discharged with the 
refrigerant from the compressor. The oil circulates through all of the cycle components and 
finally returns to the compressor. The existence of oil in heat exchangers has a great 
undesirable influence on heat transfer, pressure drop, and reduces the performance of the 
heat exchangers [Tanaka et al. (2001), Katsuta et al. (2002), Koyama et al. (2005), Gao et al. 
(2007)]. The oil circulation ratio (OCR) has been used in evaluation of performance of a 
compressor or a system as an index of the amount of oil. Accordingly, the measurement of 
OCR is required to evaluate the influence of the oil, the performance of systems, and is 
inevitable for improvement of the system performance.  
 
Generally, lubricating oil of good solubility with the refrigerant has been conventionally used 
in refrigeration and heat pump systems. In these systems, the oil concentration at the liquid 
line of the condenser outlet gets a value equal to OCR, because the refrigerant and oil 
dissolve uniformly with each other. OCR, therefore, can be measured by measuring the oil 
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concentration in the liquid line. This is why measurement of OCR (or oil concentration), such 
as the sampling method, must be performed at the outlet of the condenser.  
 
There are several methods reported in open literature measuring oil concentration. The most 
general way for measuring oil concentration is the sampling method (ASHRAE, 1996).  
However, this method is time-consuming and reduces the amount of refrigerant and oil in the 
cycle. To resolve these problems, several other methods have been proposed as online 
measurement. Baustian et al. (1988a, b) used a bypass viscometer and an acoustic velocity 
sensor to measure oil concentration for three kinds of mixtures of refrigerants and miscible oil. 
Kutsuna et al. (1991) and Suzuki et al. (1993) proposed a light absorption method for 
measuring oil concentration of two kinds of refrigerant/oil mixtures. Baustian et al. (1988c) 
and Bayani et al. (1995) used a densimeter to measure oil concentration of four kinds of 
refrigerant/oil mixtures. Baustian et al. (1986) described capacitance and refractive index 
sensor methods as potential methods of measuring oil concentration. Fukuta et al. (1999, 
2004) applied these methods to measure refrigerant solubility and oil concentration in a 
compressor. Meyer et al. (1994) and Fukuta et al. (2008) measured oil concentration by 
measuring the sound speed of refrigerant/oil mixtures.  
 
On the other hand, in systems with immiscible oil, such as CO2 heat pump system with PAG 
oil, the oil separates with refrigerant liquid in the liquid line. Accordingly, oil concentration will 
get a different value from OCR even in the liquid line, due to the difference in velocity of the 
refrigerant liquid and oil. Even at the same OCR conditions in the same system, the oil 
concentration will also get a different value if the flow pattern changes with the change in the 
mass flow rate of refrigerant. That is to say, it is not exact to use oil concentration instead of 
OCR in this case. And, a big error may take place depending on the conditions of operation.  
 
Hwang et al. (2008) applied the capacitance method to measure the OCR (they called it as 
oil mass fraction) of CO2 with PAG oil. They calibrated the capacitance sensor for the range 
of OCR 0-7mass% by using an oil mass flow meter, and showed that the error of the 
measurement method is less than 0.5mass%. However, it is not clear whether the amount of 
CO2 dissolved into the oil was taken into consideration when they measured the oil mass 
flow rate.   
 
Takigawa et al. (2009) proposed a real-time optical measuring method of OCR in CO2 heat 
pump system using infrared ray. They found that the cloudiness of the liquid mixture changes 
with the OCR. So they proposed to install a mixing chamber at the outlet of gascooler in 
order to make oil-refrigerant liquid mixture uniform, and by applying infrared ray to the liquid 
mixture, they clarified the relationship between the transmittance of infrared ray and oil 
circulation ratio (OCR). They calibrated the OCR sensor for the range of OCR 0-0.8mass% 
by using the oil-droplet method proposed by Gao and Honda (2006). However, the oil-droplet 
method has a shortcoming that the measurement accuracy decreases at high mass velocity 
and high oil circulation rate conditions. 
 
In this study, the oil-droplet generation component was redesigned for improvement in the 
measurement range and accuracy. The heat-balance method which calculates OCR from the 
difference in the heat balance of an evaporator between pure refrigerant and oil mixtures was 
also proposed. Comparing with the oil-volume method (OCR measurement method by 
measuring the oil volume flow rate at the evaporator outlet), the measurement accuracies of 
the new oil-droplet method and the heat-balance method were examined. The oil 
concentration was measured using the densimeter method. 
 
 
2 EXPERIMENTAL APPARATUS AND METHOD 
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1 Two-stage compressor  
2 Oil separator 
3 Oil-control valve 
4 Pre-heater 
5, 6 Gas-cooler           
7 Sightglass 
8 Mass flow meter 
9 Expansion valve 

10 Distributor 
11 Sampling port  
12 Mixing chamber 
13 Motorized expansion 
        valve 

14 Evaporator  
15 DC power supply 

for heating 
16 Pressure difference 

   transducer  
17 Auxiliary evaporator 
18 Accumulator 
19 Constant  temp. bath 
20 Water flow meter 
21 Glass cylinder 

 

The experimental apparatus used in the present research is shown in Figure1. It is a heat 
pump system consisting mainly of a two-stage compressor (1), an oil-separator (2), two gas-
coolers (5, 6), two expansion valves (13a, 13b), a pre-heater (4), an evaporator (14), an 
auxiliary evaporator (17), and an accumulator (18). In order to measure OCR by oil-droplet 
method, a sightglass (7b) was installed after the evaporator. A glass-cylinder (21) was 
equipped under the sightglass to measure OCR by the oil-volume method. The OCR was 
adjusted by the oil-control valve (3).  
 

 
Figure 1: Schematic diagram of experimental apparatus 

 
The mass flow rates were measured using two coriolis type mass flow meters (8a, 8b), for 
measuring the total mass flow rate and that flowing through the test section. The precisions 
of the mass flow rate meters are ±0.25%full-scale (Full-scale:100kg/h). The densities were 
also measured using the mass flow meter. The precisions of the density measurement are 
less than 0.2 kg/m3. The pressures and bulk temperatures at the mixing chambers prepared 
before the expansion valve and the outlet of the evaporator were measured using two 
pressure transducers and two sheathed thermocouples. The precisions of the pressure 
transducers and sheathed thermocouples are ±0.01 MPa and ±0.05 K, respectively. The 
pressure drop over the test section was measured using a pressure difference transducer 
(16) with a precision of ±0.2 kPa. The evaporator and auxiliary evaporator are horizontal 
copper tubes, and they are heated by film or sheathed heater which is wound outward of the 
tube. The electric current for heating was measured using a 1 mΩ (±0.01%) standard resistor.  
 
OCR measurement using oil-droplet method was conducted as follows: (1) The total mass 
flow rate (m) was kept constant; (2) The electric current to evaporator was increased until 
CO2 liquid disappears at the outlet of the evaporator. Then, the oil flowed out out from the 
exit pipe of the evaporator which is set in the sightglass (6b), and form a droplet under the 
pipe; (3) After being stabilized, the size of droplet falling in the sightglass chamber and the 
falling interval of droplets were measured, and then the oil mass flow rate (moil) was 
calculated from Equation (2). Here, the density and the solubility of refrigerant in the oil were 
taken into account. (4) OCR was obtained from the ratio of the two mass flow rates. Figure 2 
shows details of the oil-droplet generation component for the oil-droplet method, while Figure 
3 shows a snapshot of OCR measurement using the oil-droplet method.  
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OCR measurement using oil-volume method was carried out simultaneously (at the same 
time) with oil-droplet method. Figure 4 shows the details of the test parts for the oil- volume 
method. By closing the valve under the glass-cylinder, oil was accumulated in a cylinder. 
From the relation between volume change and the time required, OCR could be obtained. 
Figure 5 shows a snapshot of OCR measurement using the oil-volume method.  
 
 

     
   

(a) Side view      (b)  Front view   
 

Figure 2: Details of the test part for the oil-droplet method 
 

 
 

Figure 3: A snapshot of the oil-droplet method 
 

 
 

Figure 4: Test parts for the oil-volume method 
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Figure 5: A snapshot of the oil-volume methods 
 

The CO2 solubility and density of PAG oil were measured by Gao et al. (2008) at the 
pressure range of 3.5-5 MPa. For measuring the OCR using oil-droplet and oil-volume 
methods, the change in CO2 solubility and the change in the density of the oil were taken into 
consideration using the measured data of Gao et al. The purity of CO2 used in the present 
research is 99.95mass%. The thermophysical properties of CO2 were calculated using 
software package PROPATH (PROPATH Group, 2001). The experimental conditions are 
shown in Table 1.  
 

Table 1:  Experimental conditions 
 

Mass velocity, kg/(m2s)                           100 ～ 300 
Saturation temperature, °C         10 
Superheat at the test section exit, °C          5 ～ 34 
Oil circulation ratio, mass%                  0.048 ～ 4.31 

 
 
3   DATA REDUCTION 
 
The oil circulation ratio (OCR) is defined as follows:  
 

m
mOCR oil=           (1) 

 
where moil is the mass flow rate of the oil, and m is the total mass flow rate of the refrigerant 
and oil.  
 
3.1  Oil-droplet Method 
 
The oil mass flow rate (moil-D) measured using the oil-droplet method is calculated from the 
following equation by assuming the oil droplet as a perfect sphere.  
 

( )y
t

Ndm oil
oil

Doil −⎟
⎠
⎞

⎜
⎝
⎛=− 11

23
4 3

ρπ        (2) 
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where doil is the diameter of the oil droplet, ρoil is the density of the oil, N is the numbers of the 
oil droplet for measurement, t is the time required for measurement (the generation of the oil 
droplets), and y is the solubility of the refrigerant in the oil.  
 
3.2  Oil-volume Method 
 
The oil mass flow rate (moil-V) measured using the oil-volume method is calculated from the 
following equation.  
 

( ) ( )y
t

HDy
t

Vm oiloilVoil −=−=− 11
4

11 2 ρπρ      (3) 

 
where V is the volume of the cylinder, D is the inner diameter of the glass cylinder, and H is 
the height for measurement.  
 
3.3  Heat-balance Method 
 
The value of the heat balance (the heat transfer rate calculated from refrigerant side/the heat 
transfer rate calculated from heating side) of the evaporator is affected by the heat transfer 
between the surroundings and experiment setup from the inlet of expansion valve to the 
outlet of the evaporator. The heat transfer rate between the surroundings and experiment 
setup can be evaluated (measured) from the following equation which is obtained from the 
relation of the heat balance in the pure refrigerant conditions.  
 

ERsur QQQ −=          (4) 
 
where QR is the heat transfer rate calculated from refrigerant side which is obtained from the 
enthalpy change of refrigerant, and QE is the heat transfer rate calculated from the heating 
side, which is obtained from the amount of electronic power supply. The correlation for the 
heat transfer rate between the surroundings and experiment setup was obtained from the 
results of the pure refrigerant conditions. 
 
In the case of CO2-oil mixtures, by taking the total mass flow rate as the flow rate of the pure 
CO2, the heat transfer rate obtained from the enthalpy change of the refrigerant can be 
calculated as  
 

( )12 hhmQR −=           (5) 
 
where h1 and h2 are the enthalpies of the refrigerant at the inlet of the expansion valve and 
the outlet of the evaporator, respectively.  
 
By neglecting the sensible heat which is due to the oil temperature change, the net heat 
transfer rate can be obtained as follows from refrigerant side:  
 

( )( )OCRhhmQQQ surER −−=+= 1120       (6) 
 
Then, the relation between the evaporator heat balance (ηoil) and the oil circulation ratio 
(OCR) can be obtained as follows in the case of CO2-oil mixtures.  
 

( )OCR
Q
Q

QQ
Q

R

R

surE

R
oil −==

+
= 1/1

0

η         (7) 
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3.4  Densimeter Method 
 
By assuming that the volume of CO2-oil mixtures equals to the sum of the volumes of pure 
refrigerant and oil, the following relation can be obtained. 
 

oil

oil

R

oil

oil

oil

R

R MMMMMM
ρρρρρ

+
−

=+=         (8) 

 
where MR, Moil and M are the mass of the pure CO2, oil and  CO2-oil mixtures, respectively. 
ρR and ρ are the density of pure CO2 and  CO2-oil mixtures, respectively. Substituting the oil 
concentration w (= Moil / M) into the above equation, the following equation is obtained.  
 

www

oilRRoilR
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=+

−
=

ρρρρρρ
11111

      (9) 

 
Substituting density with specific volume, the following equation is obtained.   
 

wvvvv oilRR −=−− )/()(                             (10) 

 
where vR, voil and v are the specific volume of pure CO2, oil and CO2-oil mixtures, respectively.   
 
 
4   EXPERIMENTAL RESULTS 
 
Figure 6 shows a comparison of the measured results of the oil-droplet and the oil-volume 
methods. As shown in the figure, at the low OCR conditions (OCR ≤ 1 mass%), the results of 
the oil-droplet method agree well those of the oil-volume method, although the results of the 
oil-droplet method are slightly lower than those of the oil-volume method( within -20 %, within 
-0.2 mass%). On the other hand, when the mass velocity G > 200 kg/(m2s), the difference 
between the oil-droplet and the oil-volume method increases with the increase in mass 
velocity and OCR.  Most of the results of the oil-droplet method are -20~ -50% lower than 
those of the oil-volume method. This is due to the increase in the amount of the oil entrained 
into the vapor flow with the increase in mass velocity and OCR.  
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Figure 6: Relation between the oil-droplet method and the oil-volume method 
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For heat-balance method, OCR is evaluated from the change in the heat balance as shown 
in equation (7). Therefore, the accuracy of the OCR measurement is determined by the 
estimation accuracy of the heat balance. Figure 7 shows the heat balance with/without a 
modification of the heat transfer rate Qsur between the surroundings and the experiment 
setup in the case of pure refrigerant. The abscissa axis is the temperature difference 
between the room temperature and the evaporator outlet temperature of the refrigerant. The 
closed and open symbols show the results with and without the modification, respectively. As 
shown in the figure, the heat balance with the modification of Qsur is within ±0.5%, while that 
without the modification of Qsur is within ±5%.  
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Figure 7: Heat balance with/without modification in the case of pure CO2 

 
Figure 8 shows the relation between the heat balance and the OCR measured using oil-
volume method in the case of CO2-oil mixtures. The solid line shows the calculation results of 
equation (7). As shown in the figure, measured results are slightly lower than calculated 
values, however, both values agree in similarity. The difference in both values is considered 
to be due to neglect of the sensible heat of the oil temperature change.  On the other hand, if 
equation (7), with a modification based on the experiment data, is used for evaluation of 
OCR, the accuracy is estimated within ±1mass%.  Therefore, the accuracy of the OCR 
measurement using the heat balance method is very poor for low OCR conditions, while the 
heat balance method is reliable for high OCR conditions.  
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Figure 8: Relation between heat balance and OCRV 
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For densimeter method, oil concentration is evaluated from the change in specific volume as 
shown in equation (10). Therefore, the accuracy of oil concentration measurement is 
determined by the estimation and measurement accuracy of the specific volume (or the 
accuracy of density). Figure 9 shows the density difference between the calculation and 
measurement in the case of pure CO2 with/without modification. As shown in the figure, the 
density difference of pure CO2 without modification increases with the increase in the 
gascooler outlet temperature. It can also be found that the maximum value of the density 
difference is about 9.35 kg/m3. To reduce the density difference, a modification was 
introduced into the estimation equation of the density of pure CO2. As a result, the density 
difference of pure CO2  with modification is less than ±0.9 kg/m3.    
 

-2

0

2

4

6

8

10

10 15 20 25 30

ρ c
al
-ρ

ex
p

[k
g/

m
3 ]

T1 [℃]

pure_CO2(Without modification)

pure_CO2(With modification)

 
 

Figure 9: Relation between the density difference and the exit temperature of gascooler  
in the case of pure CO2 
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Figure 10:  Relation between oil concentration and OCRV 
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Figure 10 shows the relation between oil concentration obtained from equation (10) and OCR 
measured by the oil-volume method in the case of CO2-oil mixtures. Symbols show the 
measured results, the solid line shows that oil concentration equals to OCR, and the broken 
line shows that oil concentration is 10 times larger than OCR. As shown in the figure, the oil 
concentration at mass velocity of 374 kg/m2s is larger than OCR by 0-95% at OCR > 1 
mass%, while it is nearly proportional to OCR. However, the oil concentrations at mass 
velocity of 94 and 187 kg/m2s are not proportional to OCR, and are even 10 times larger than 
OCR. These results imply that oil concentration differs from OCR in the systems with 
immiscible oil, and the relation between oil concentration and OCR changes according to 
mass velocity. That is to say that oil concentration changes with the change in mass velocity 
even at the same OCR conditions. The change in oil concentration is considered to be 
caused by changes in the flow pattern of CO2-oil mixtures.  
 
The differences between oil concentration and OCR can be explained from their definitions: 
OCR is defined as the ratio of oil mass flow rate to the total one, while oil concentration (or 
mass fraction) is defined as the ratio (or fraction) of oil mass to the total one in a specified 
volume. Under a steady state condition, both mass flow rates of the refrigerant and oil are 
kept constant at any cross section, so that the OCR is also kept constant. While, oil 
concentration changes due to the change in slip ratio of oil-refrigerant, and therefore it will 
take different values at every different component of a system and different positions of each 
component. And you must notice that, due to the slip ratio changes at different conditions of 
the total mass flow rate or pipe dimension (type, size, shape et al.) even at a same OCR 
condition, oil concentration will take different values. 
 
 
5   CONCLUSIONS 
 
Experiments and analysis on measurement of oil circulation ratio (OCR) in a CO2 heat pump 
system with immiscible oil were conducted, and the following results were obtained.  
1. At low mass velocity and low OCR conditions, the oil-droplet method is suitable for 

measurement of OCR, while the measurement accuracy decreases with the increase in 
mass velocity and OCR.  

2. The heat-balance method for OCR measurement is suitable for high OCR conditions, 
while the accuracy of OCR measurement is very poor for low OCR conditions.  In order to 
improve the accuracy of the OCR measurement, it is necessary to take into account the 
sensible heat of oil.  

3. The oil concentration is different from OCR in the system with immiscible oil, and takes a 
different value at a different mass velocity condition even at a same OCR condition. The 
densimeter method for oil concentration measurement cannot be used for measuring 
OCR, while it is suitable for measuring oil concentration at high oil concentration 
conditions.  

 
 
6 NOMENCLATURE 
 

D diameter of the glass cylinder  m 
doil diameter of the oil droplet  m 
G mass velocity    kg/(m2s) 
H height of the glass cylinder  m 
h specific enthalpy   kJ/kg 
M mass     kg 
m mass flow rate    kg/s 
N numbers of oil droplets   - 
OCR oil circulation ratio   mass% 
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Q heat transfer rate   W 
T temperature    °C 
∆T temperature of superheated   °C 
t time     s 
V volume     m3 
v specific volume   m3/kg 
w oil concentration (=Moil /M)  mass% 
y solubility of CO2 in the oil  mass% 
η heat balance { = QR /(QE  + Qsur)} - 
ρ density     kg/m3 

 
Subscript 
1 exit of gascooler 
2 exit of evaporator  
cal calculated  
D oil-droplet method 
E electric  
exp experimental  
oil oil or in the case of CO2-oil mixtures 
R pure refrigerant  
sat saturation 
sur surrounding 
V oil-volume method 
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