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Abstract 
Excessive wear of sliding part of a multiple vane type 
compressor after its long-period use in HCFC-22 was 
reported in some operating conditions.  Then, 
influence of refrigerant gas on wear of sliding material 
was studied with a test rig.  As a result, the wear 
amount in HCFC-22 was much larger than that in 
HFC-134a and air because of corrosive wear under the 
severe conditions.  Then, oil film formation on the top 
of vane was evaluated as the separation degree using the 
compressor equipped with an electrical insulating circuit.  
The separation degree decreased with a decrease in oil 
supply quantity and with an increase in suction pressure.  
In order to study the influence of suction pressure, the 
parameters affecting oil film formation were determined 
by taking into consideration the force balance around 
vane.  The calculated oil film parameter could be 
obtained.  Change in  with suction pressure 
qualitatively showed a good agreement with that of 
separation degree.   
Keywords: multiple vane type compressor, refrigerant, 
lubrication, oil film parameter, suction pressure 
 

1 Introduction 
Since a multiple vane type compressor, in Fig.1, is 

composed of a cylinder and a rotor installed on the same 
shaft, the load unbalance during rotation is low 
compared to the other types，which enables high 
rotational speeds.  Consequently，a high capacity at a 
small size，and low vibration leads to wide applications 
such as automobile air conditioners and gas heat pumps 

of an engine driving system.  However, excessive wear 
of cylinder inside was reported after long-period use 
under specific condition in the actual application.  
Figure 2 shows the surface profile on the compression 
stroke part of cylinder inside made of cast iron, which 
shows formation of large steps due to wear.   

There are some studies which report about the 
lubrication phenomena of compressors [1] [2].  On the 
other hand, there are few references which describe with 
detail about a set of lubrication evaluations of 
compressors for air conditioner designers. 

In the present paper, first wear properties of vane 
and cylinder material under refrigerants are studied, and 
then the effect of oil supply and suction pressure on oil 
film formation was evaluated.  The parameters 
affecting oil film formation are determined based on 
force balance around vane.  Finally, the relationship 
between oil film formation and calculated film 
parameter is discussed in terms of effect of suction 
pressure.   
 

2 Wear of cylinder material 
2.1 Experimental 

Influence of refrigerant gas on the wear of a 
combination of vane and cylinder were studied with an 
aluminum alloy pin-on-cast iron disk type tribometer 
equipped, as shown in Fig.3.  The test part is in a 
pressure container. 

Experiments were carried out under the sliding speed 
of 0.5m/s, the load of 1500N, the oil temperature of 
80°C and the refrigerant gas pressure of 500kPa 
absolute for the test period of 60minutes.  The 
lubricant was polyalkylene glycol whose kinematic 
viscosity was 143mm2/s at 40°C and 25mm2/s at 100°C． Fig.1 Structure of multiple vane type compressor
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penetrated disc was small. Because of the higher density, 
it is concluded that the penetrating MoS2 has sufficient 
adhesion strength against the stress acted at the interface 
between the ring and the disc during the experiment. 
Therefore, it was estimated that the survived MoS2 
resulted in the restriction of the titanium transfer to the 
steel ring was restricted and that the friction properties 
became stable without seizure occurrence.  
 

 
Fig. 8 Optical micro image and surface profile of discs 

after the experiment (The sliding direction 
corresponded from top to bottom of the image) 

 

 
Fig. 9 Optical micro image and surface profile of rings 

after the experiment 
 

Summary  
The surface modification technique based on the 

surface plastic deformation process consisted from a 
micro shot peening and a roller burnishing was proposed 
and was applied to titanium disc specimen. The resulted 
surface morphology was dispersed micro dimples filled 
with dense molybdenum disulfide and was relatively flat. 
The tribological properties evaluated with a ring on disc 
type testing apparatus showed that the friction coefficient 
was lower and stable without seizure. It is estimated that 
the molybdenum disulfide prevents the titanium transfer.  
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3.2 Effect of oil circulation ratio  
The oil supply quantity to the top of vane was studied 

by adjusting oil circulation ratio OCR, in which OCR 
was defined as the ratio of circulating oil flow to 
circulating refrigerant flow.   

Figure 8 shows the effect of OCR on ASD.  As OCR 
increases, ASD first increases, and then it tends to level 
off.  This suggests that a sufficient oil film formation 
can be obtained on the condition of OCR more than 5%.  
This can be easily understood that an increase in ASD 
was brought about by increase in oil supply. 
3.3 Effect of suction pressure  

Next, the effect of suction pressure on ASD was 
studied under the real field conditions.  As will be 
shown later, ASD deteriorates with increasing suction 
pressure.  This is because change in suction pressure 
causes change in some parameters affecting oil film 
formation on the top of vane.  Thus, such parameters 
have to be determined by taking into consideration the 
force balance around vane. 
 

4 Dynamic model around vane 
The forces acting on vane are shown in Fig.9.  The 

original point of rotor angle was defined as the minor 
axis of cylinder.  

In compression period, vane is subject to huge 
momentum by the differential force (Pcf - Pcr).  The 
momentum is supported by F1 and F2.  After vane 
cross the major axis of cylinder (rotor angle of 90 
degree), the oil film on the working point of F1 is 
formed by the wedge action.  In the contact part of 
vane on the vane slot, it is considered that F1 is 
supported by oil film force (Fof1) and direct contact 
force (Fc1).  Fof1 was calculated by infinite width theory.  
Meanwhile, Fc1 was calculated based on the mixed 
lubrication theory using GT model [3]. Thus, 1F1 is 
expressed as follow,  

oilcb FFF   111             (1) 

)()( 111  ofc FFF            (2) 

where b is the boundary friction coefficient, and Foil is 
the shear resistance of an oil film.   

On the other hand, F2 is assumed to be supported 
only by direct contact force.  Finally, Fn can be 
obtained based on the force balance along x-direction 
forces (Pcf, Pcr, Po, 1F1, 2F2).  In addition, it is 
considered that Fn is also supported by oil film reaction 
force calculated by Martin’s equation and direct contact 

force.  On the basis of the force balance around the 
vane, the parameters affecting oil film formation on the 
top of vane are pressure in compression chamber Pcf and 
Pcr, pressure in oil chamber Po, the viscosity of 
refrigerant/oil mixture and the boundary friction 
coefficient .  The viscosity for calculation of oil film 
thickness was obtained by the theoretical pressure and 
temperature in the forward compression chamber. 

 
5 Parameters affecting oil film formation 

5.1 Pressure in compression chamber Pc 
Pc influences F1, F2, and , and acts in the opposite 

direction of Fn. Therefore, Pc has to be estimated 
accurately.  The compression chamber rotates with 
rotating rotor, so Pc was measured by installing five 
pressure sensors in this compressor.  Pc over one cycle 
is obtained by combining five datum of pressure sensors, 
as shown Fig.10.  It is identified that the 
over-compression is high, and that the pressure until the 
maximum pressure can be predicted by theoretical 
adiabatic compression. 

Suction pressure: 0.6MPa
Discharge pressure: 2.1MPa 
Rotational speed: 2000rpm
Suction super heat: 30℃

Fig.8 Effect of OCR on ASD
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2.2 Test results 
Figure 4 compares the wear depth of the cast iron 

disk between environment gases.  The wear depth is 
the largest for HCFC-22, followed by HFC-134a and 
air.  

The sliding surfaces of the test specimens were 
observed with an optical microscope, as shown in Fig.5.  
Slight wear scratches along the sliding direction are 
observed on the surfaces in both air and HFC-134a and 
the color of the surfaces is white or light blue.  On the 
other hand, the sliding surface in HCFC-22 is rough and 
black.   

It has been generally accepted that HCFC-22 is 
superior to HFC-134a in terms of antiwear performance 
because chlorine in refrigerant is decomposed to react 
the metal surface and to form iron chloride reacts as an 
extreme pressure agent.  The opposite results in the 
present study suggests that decomposed chlorine 
promoted the corrosive wear.  That is, it is inferred that 
excessive wear of cast iron under HCFC-22 in the actual 
application occurred under severe contact conditions. 

3 Oil film formation on the top of vane 
3.1 Separation degree  

Electrical contact resistance (ECR) method was 
employed to estimate the extent of oil film formation on 
the top of vane, as shown in Fig.6.  A voltage of 
200mV was applied between the cylinder and the vane.  
Figure 7 exhibits the result obtained by JIS standard 
measurement conditions for cooling.  In the figure, a 
separation degree (SD) is defined as percentage of the 
measured voltage to applied voltage. 

The value of SD in suction period shows almost full 
level, suggesting the sufficient lubrication state.  Since 
this tendency was common to all the operating 
conditions, the extent of oil film formation was 
evaluated as an averaged separation degree (ASD) 
during compression and discharge period corresponding 
to the rotor angle from 90° to 150°.  

Fig.3 Pin on disk type tester 
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3.2 Effect of oil circulation ratio  
The oil supply quantity to the top of vane was studied 

by adjusting oil circulation ratio OCR, in which OCR 
was defined as the ratio of circulating oil flow to 
circulating refrigerant flow.   

Figure 8 shows the effect of OCR on ASD.  As OCR 
increases, ASD first increases, and then it tends to level 
off.  This suggests that a sufficient oil film formation 
can be obtained on the condition of OCR more than 5%.  
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shown later, ASD deteriorates with increasing suction 
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4 Dynamic model around vane 
The forces acting on vane are shown in Fig.9.  The 
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axis of cylinder.  

In compression period, vane is subject to huge 
momentum by the differential force (Pcf - Pcr).  The 
momentum is supported by F1 and F2.  After vane 
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degree), the oil film on the working point of F1 is 
formed by the wedge action.  In the contact part of 
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where b is the boundary friction coefficient, and Foil is 
the shear resistance of an oil film.   

On the other hand, F2 is assumed to be supported 
only by direct contact force.  Finally, Fn can be 
obtained based on the force balance along x-direction 
forces (Pcf, Pcr, Po, 1F1, 2F2).  In addition, it is 
considered that Fn is also supported by oil film reaction 
force calculated by Martin’s equation and direct contact 

force.  On the basis of the force balance around the 
vane, the parameters affecting oil film formation on the 
top of vane are pressure in compression chamber Pcf and 
Pcr, pressure in oil chamber Po, the viscosity of 
refrigerant/oil mixture and the boundary friction 
coefficient .  The viscosity for calculation of oil film 
thickness was obtained by the theoretical pressure and 
temperature in the forward compression chamber. 
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5.1 Pressure in compression chamber Pc 
Pc influences F1, F2, and , and acts in the opposite 

direction of Fn. Therefore, Pc has to be estimated 
accurately.  The compression chamber rotates with 
rotating rotor, so Pc was measured by installing five 
pressure sensors in this compressor.  Pc over one cycle 
is obtained by combining five datum of pressure sensors, 
as shown Fig.10.  It is identified that the 
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2.2 Test results 
Figure 4 compares the wear depth of the cast iron 

disk between environment gases.  The wear depth is 
the largest for HCFC-22, followed by HFC-134a and 
air.  

The sliding surfaces of the test specimens were 
observed with an optical microscope, as shown in Fig.5.  
Slight wear scratches along the sliding direction are 
observed on the surfaces in both air and HFC-134a and 
the color of the surfaces is white or light blue.  On the 
other hand, the sliding surface in HCFC-22 is rough and 
black.   

It has been generally accepted that HCFC-22 is 
superior to HFC-134a in terms of antiwear performance 
because chlorine in refrigerant is decomposed to react 
the metal surface and to form iron chloride reacts as an 
extreme pressure agent.  The opposite results in the 
present study suggests that decomposed chlorine 
promoted the corrosive wear.  That is, it is inferred that 
excessive wear of cast iron under HCFC-22 in the actual 
application occurred under severe contact conditions. 

3 Oil film formation on the top of vane 
3.1 Separation degree  

Electrical contact resistance (ECR) method was 
employed to estimate the extent of oil film formation on 
the top of vane, as shown in Fig.6.  A voltage of 
200mV was applied between the cylinder and the vane.  
Figure 7 exhibits the result obtained by JIS standard 
measurement conditions for cooling.  In the figure, a 
separation degree (SD) is defined as percentage of the 
measured voltage to applied voltage. 

The value of SD in suction period shows almost full 
level, suggesting the sufficient lubrication state.  Since 
this tendency was common to all the operating 
conditions, the extent of oil film formation was 
evaluated as an averaged separation degree (ASD) 
during compression and discharge period corresponding 
to the rotor angle from 90° to 150°.  
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6 Comparison between ASD and 
Figure 17 shows that ASD expressing the extent of 

oil film formation on the top of vane deteriorates with 
increasing suction pressure.  In the figure, oil film 
parameter  as calculated results is also depicted, where 
 is defined by the ratio of the oil film thickness to the 
composite roughness of the sliding surfaces.  And the 
oil film thickness was calculated by using the above 
mentioned parameter. As is seen in the figure, the 
calculated results exhibit the same tendency to the 
experimental results.  That is, the proposed methods of 
the parameters are appropriate for preventing excessive 
wear of the sliding part and design of refrigerating 
machines.   

 

7 Conclusions 
The lubricant state on the top of vane of a multiple 

vane type compressor was experimentally determined as 
separation degree.  Meanwhile, the parameters 
affecting oil film formation were clarified and their 
measuring techniques were proposed.  The main 
results are as follows. 
(a) The wear amount in HCFC-22 was much larger 

than that in HFC-134a because of corrosive wear 
based on formation of iron chloride from HCFC-22 
under the severe conditions. 

(b) The extent of separation degree decreases with 
decreasing oil circulation ratio and increasing 
suction pressure.  

(c) By analyzing the force balance around vane based 
on the mixed lubrication theory, the parameters 
affecting oil film formation were clarified.  They 
were the pressure in compression chamber, pressure 
in oil chamber, the boundary friction coefficient 
and the viscosity of refrigerant/oil mixture. 

(d) The oil film parameter calculated using necessary 
parameters agreed well with the separation degree 
in terms of effect of suction pressure.   
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Fig.16 Friction coefficient on vane-slot
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Figure 11 shows that the over-compression 
increases F1 significantly, it can be predicted that 1F1 
and Fn increases largely.  
5.2 Pressure in oil chamber Po 

The back of vane is pushed by oil pressure in oil 
chamber. The oil supplied in oil chamber flows along 
the pathway shown in Fig.12.  The quantity of flow 
and the local pressures are determined by the flow 
resistances in rotor-journals and rotor-sides. The 
quantity of flow from discharge case to oil chamber (Q1) 
and that from oil chamber to compression chamber (Q2) 
are expressed as below equations [4]. 

 od
j PP
L

Cd
nQ 



12

3

11            (3) 

   meanco
or

r PP
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dCnQ 
ln6

3

22 
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where n1 and n2 are number of the pathways, and Pmeanc 
is average pressure along outer circumferential of rotor. 

Po can be calculated from eq. (3) and eq. (4), as Q1 is 
equal to Q2 under the law of conservation of mass. 
Comparison between calculated Po and measured Po is 
shown in Fig.13.  The calculation results exhibit the 
same tendency of the experimental result, so the 
calculation method proved reasonable. 
5.3 Viscosity of refrigerant/oil mixture  
  Refrigerant is soluble in oil so that the viscosity of 
refrigerant/oil mixture varies depending on the 
solubility properties of refrigerant.  

The temperature-pressure-viscosity relations of 
refrigerant/oil mixture were obtained with a falling 
piston type viscometer as shown in Fig.14.  Figure 15 
shows the viscosity-temperature relation as a parameter 
of refrigerant gas pressure.  It can be seen that the 
viscosity decreases around the saturated temperature of 
refrigerant rapidly due to high solution of refrigerant.   

5.4 Friction coefficient
The force Fn is affected by the friction coefficient for 

aluminum alloy versus steel at the operating point of F1.  
Boundary friction coefficient under severe lubrication 
condition was experimentally determined with the pin 
on disk type tester as mentioned in the former chapter.  
As shown in Fig.16, the boundary friction coefficient 
shows around 0.12 under flooded condition, and then it 
reaches 0.25 because of starved condition. 

Fig.11 Effect of over-compression
 

0

200

400

600

800

1000

1200

0.4 0.6 0.8 1.0

M
ax

m
um

 v
al

ue
 o

f F
1,

N

Saction pressure, MPa

With over-compression 

Without over-compression

Discharge pressure: 2.1MPa 

Fig.12 Pathway of oil

 
   

  

 
 

 

   

  

 
Pd

Compression
chamber

Po Pmeanc

Discharge
case

Oil chamberC
j

Lj Ro

Rr

C
r

Vane
 

Rotor
 

Rotor journal
 

Side block
 

Fig.13 Calculation result of Po
 

0.0

0.5

1.0

1.5

2.0

0.4 0.6 0.8 1.0

Va
ne

 b
ac

k 
pr

es
su

re
 P

o, 
M

Pa

Saction pressure, MPa

Calculation

○ Experiment 

Fig.14 Viscometer for refrigerant/oil mixture
  

Piston
Coil

Thermo-couple

Refrigerant gas

Oil

Viscometer 

  

 

 

   

 

 

 

 

 
Refrigerant gas

 

Fig.15 Viscosity-temperature-pressure relation of 
refrigerating lubricant

0 20 40 60 80 100 1200
1

10

100
0.6MPa

0.8MPa
1.0MPa

1.2MPa

1.8MPa

1.4MPa
1.6MPa

K
in

em
at

ic
vi

sc
os

ity
, m

m
2 /s

Temperature, °C

– 195 – – 194 – 



6 Comparison between ASD and 
Figure 17 shows that ASD expressing the extent of 

oil film formation on the top of vane deteriorates with 
increasing suction pressure.  In the figure, oil film 
parameter  as calculated results is also depicted, where 
 is defined by the ratio of the oil film thickness to the 
composite roughness of the sliding surfaces.  And the 
oil film thickness was calculated by using the above 
mentioned parameter. As is seen in the figure, the 
calculated results exhibit the same tendency to the 
experimental results.  That is, the proposed methods of 
the parameters are appropriate for preventing excessive 
wear of the sliding part and design of refrigerating 
machines.   

 

7 Conclusions 
The lubricant state on the top of vane of a multiple 

vane type compressor was experimentally determined as 
separation degree.  Meanwhile, the parameters 
affecting oil film formation were clarified and their 
measuring techniques were proposed.  The main 
results are as follows. 
(a) The wear amount in HCFC-22 was much larger 

than that in HFC-134a because of corrosive wear 
based on formation of iron chloride from HCFC-22 
under the severe conditions. 

(b) The extent of separation degree decreases with 
decreasing oil circulation ratio and increasing 
suction pressure.  

(c) By analyzing the force balance around vane based 
on the mixed lubrication theory, the parameters 
affecting oil film formation were clarified.  They 
were the pressure in compression chamber, pressure 
in oil chamber, the boundary friction coefficient 
and the viscosity of refrigerant/oil mixture. 

(d) The oil film parameter calculated using necessary 
parameters agreed well with the separation degree 
in terms of effect of suction pressure.   
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Fig.16 Friction coefficient on vane-slot
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Figure 11 shows that the over-compression 
increases F1 significantly, it can be predicted that 1F1 
and Fn increases largely.  
5.2 Pressure in oil chamber Po 

The back of vane is pushed by oil pressure in oil 
chamber. The oil supplied in oil chamber flows along 
the pathway shown in Fig.12.  The quantity of flow 
and the local pressures are determined by the flow 
resistances in rotor-journals and rotor-sides. The 
quantity of flow from discharge case to oil chamber (Q1) 
and that from oil chamber to compression chamber (Q2) 
are expressed as below equations [4]. 
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where n1 and n2 are number of the pathways, and Pmeanc 
is average pressure along outer circumferential of rotor. 

Po can be calculated from eq. (3) and eq. (4), as Q1 is 
equal to Q2 under the law of conservation of mass. 
Comparison between calculated Po and measured Po is 
shown in Fig.13.  The calculation results exhibit the 
same tendency of the experimental result, so the 
calculation method proved reasonable. 
5.3 Viscosity of refrigerant/oil mixture  
  Refrigerant is soluble in oil so that the viscosity of 
refrigerant/oil mixture varies depending on the 
solubility properties of refrigerant.  

The temperature-pressure-viscosity relations of 
refrigerant/oil mixture were obtained with a falling 
piston type viscometer as shown in Fig.14.  Figure 15 
shows the viscosity-temperature relation as a parameter 
of refrigerant gas pressure.  It can be seen that the 
viscosity decreases around the saturated temperature of 
refrigerant rapidly due to high solution of refrigerant.   

5.4 Friction coefficient
The force Fn is affected by the friction coefficient for 

aluminum alloy versus steel at the operating point of F1.  
Boundary friction coefficient under severe lubrication 
condition was experimentally determined with the pin 
on disk type tester as mentioned in the former chapter.  
As shown in Fig.16, the boundary friction coefficient 
shows around 0.12 under flooded condition, and then it 
reaches 0.25 because of starved condition. 
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Fig.14 Viscometer for refrigerant/oil mixture
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Fig.15 Viscosity-temperature-pressure relation of 
refrigerating lubricant
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