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ABSTRACT

In this study, in order to investigate the lubrication characteristics of the sliding surface of the vane in a rotary
compressor, numerical analysis for mixed lubrication has been developed. In this analysis, the modified Reynolds
equation and the elastic contact equation, considering the surface roughness, are solved as a coupled problem. Using
this analysis, the lubrication characteristics of the sliding surface of the vane are investigated by parameter survey on
the design parameters such as the length of vane slot and the clearance between the vane and vane slot. As a result, it
is found that the influences of the length of vane slot on the friction loss were larger than that of the clearance. The

optimum design of the vane has been made possible by the analysis.
1. INTRODUCTION

Within a rotary compressor for refrigerators and air conditioners, the barrier between suction chamber and
compression chamber is usually provided with by a vane which acts as a follower of the rolling piston. As a result,
the vane assumes a reciprocating motion synchronous with the eccentric rotation of the rolling piston.

The vane is subjected to very large load and moment due to the pressure difference between the suction chamber
and the compression chamber. When the friction loss and the surface damage of the vane increase, the performance
and the reliability of the rotary compressors will decrease. Therefore, the optimum design is required to realize a
good lubricating condition on the sliding surface of the vane.

In this study, in order to realize the optimum design of the vane, numerical analysis for mixed lubrication has been
developed. The modified Reynolds equation and the elastic contact equation, considering the surface roughness, are
solved as a coupled problem. By this analysis, the motion of vane and the lubrication characteristics of the sliding
surface of the vane can be obtained. Moreover, the occurrence of solid contact in the hydrodynamic lubrication film
can be predicted, and the friction loss containing the contributions due to solid contact can be evaluated.

At first, the governing equations and the procedures of the analysis are described. Next, analyses were performed
by changing the parameters such as the clearance between vane and vane slot, and the length of vane slot. By
comparing the analysis results such as the inclination of vane, the oil film thickness, the reaction forces of oil film
and the contact forces between vane and vane slot, the effects of the clearance and the length of vane slot on the

lubrication characteristics are shown.
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2. GOVERNING EQUATIONS

Fig.1 shows a brief drawing of the compression mechanism in a rotary compressor. The rolling piston assumes an
eccentric rotation synchronous to the eccentric rotation of the crank. Due to this eccentric rotation, a volume
variation of the compression chamber arises, and the refrigerant is compressed. The vane acts as a barrier between
the suction chamber and the compression chamber. Fig.2 shows the external forces acting on vane. Fig.3 shows the

Coordinate system of vane.

2.1 Equations of Motion of Vane
As shown in Fig.2, the vane is subjected to the load due to the pressure difference of refrigerant, a spring force, the
friction forces between vane and vane slot and the friction force between vane and rolling piston. The equation of

motion of vane and the equations of equilibrium of forces and moments are "2,

mX, =F, +F,+F,+F, cosa+F, sina—-F, (1)
0=F, +F, -F,+F,cosa-F,_ sina+wcj pldX—WCJ‘ p,dx 2)
0=M,+M,-M,+M_ -M_,+M, +WCI xpldx—wcj.xpzdx (3)

where, m is the mass of vane, X, is the x-directional displacement of vane, « is the angle extended by piston and
vane contact point, w, is the width of cylinder, p, and p,are the oil film pressures between vane and vane slot
corresponding to the discharge side and the suction side, F, , F, and M, are the forces and moment acting on vane
F, ., M
M, and M, are the contact forces and the corresponding

due to the refrigerant pressure difference, F, ,

F

c2

., and M, are the friction forces and the corresponding

moments between vane and vane slot, F, ,

moments between vane and vane slot, F is the normal force acting on vane at piston contact, F, and M, are the

friction force and the corresponding moment acting on vane at piston contact, F, is the spring force.

2.2 Reaction Forces of Oil Film between Vane and Vane Slot
In this analysis, the vane sliding surface is treated as a surface having infinite width along the direction
perpendicular to the plane of Fig.3. The reaction forces of oil film on discharge side and suction side between the

vane and vane slot are calculated by the modified Reynolds equations as follows ),

h3 A AD A
ﬁqgiiﬁzw T +6Uo—+12—1 (4)
n X & & a

where, h is the average oil film thickness, h, is the local oil film thickness, 7 is the oil viscosity, U is the sliding
velocity of vane, o is the standard deviations of combined roughness, ®, is the pressure flow factor, @ is the

shear flow factor. The local oil film thickness h, is expressed as follows.

h, = %{Herf [Vﬁaj}+7m exp(—%(%jzj (5
The oil film thicknesses on discharge side and suction side between the vane and vane slot are,
h, =c, —h, —kx (6)
h, = h, +kx (7)
where, h, and h, are the average oil film thicknesses on discharge side and suction side, ¢, is the clearance between

vane and vane slot, HO is the average oil film thickness at the lower end of vane slot (x=0 location in Fig. 3) on

suction side, k is the inclination of vane.

International Compressor Engineering Conference at Purdue, July 17-20, 2006



C137, Page 3

2.3 Contact Forces between Vane and Vane slot
For calculating the contact forces between the vane and the vane slot, the Patir and Cheng’s approximate
expression based on Greenwood and Tripp’s theory are used ),

— 6.804
p, =k E'x4.4086x10°° (4—%} (8)

where, p_ is the contact pressure between the vane and vane slot, k_ is the constant in force-compliance

relationship, E’ is the equivalent elastic modulus.

3. ANALYSIS PROCEDURE AND CONDITIONS

3.1 Analysis Procedure

Eqgs.(1)-(4) and Eq.(8) are solved as a coupled problem, and the inclination of vane k and the average oil film
thickness at the lower end of vane slot HO are numerically calculated by Newton-Raphson method. In this procedure,
the time differential of k and the time differential of ﬁo used in the calculation of the squeeze terms in the modified

Reynolds equations are approximately calculated by Eq.(9).

k _ L{kHAt - kt } (9)
Ho At hor+m - hOt

Moreover, the variations of the forces and the moments acting on vane are considered. Consequently, the coupled
problem becomes time variant, and is solved recursively along the time axis. By this approach, the solutions of k
and h,

Ot+At

t+At
are obtained.

3.2 Analysis Conditions

The analysis conditions and parameters for several example cases are shown in Table 1. The radius of cylinder is
19.5mm. The outer radius of rolling piston is 15.9mm. The eccentricity of crank is 3.6mm. The suction pressure is
1.27MPa. The discharge pressure is 4.25MPa. The rotor rotating frequency is 60Hz. The oil viscosity is 2.8x10~ Pa-
s. C, is the dimensionless clearance, (=C,/d, d : thickness of vane ) and L, is the dimensionless length of vane
slot, (=1,/d, | : the length of vane slot). The cases of different clearances and of different slot lengths were
calculated, and the results were compared.

By assuming that the lubrication at the vane and piston contact is in a boundary lubrication zone, a value of 0.12
was used for the coefficient of friction between the vane and piston. Moreover, a value of 0.12 was used for the
coefficient of friction at the solid contact between the vane and vane slot. Fig.4 shows the relationship between the
crank angle and the pressure of compression chamber which was used as the analysis condition. It contains the

effects of over compression.

4. RESULTS AND DISCUSSION

4.1 Effects of Clearance between Vane and Vane Slot

The analysis results shown in Fig.5 are of the cases when the dimensionless clearance between the vane and vane
slot C, is 4.7x10°, 5.6x107, 6.6x10°. The horizontal axis is the crank angle .

Fig.5 (a) shows the variation of the inclination of vane k with respect to the crank angle through one revolution of
the crank. It can be seen that k is always larger than 0°. That is, the vane always inclines in the clockwise direction
as shown in Fig.3. Consequently, the solid contact between the vane and vane slot occurs at the lower end (x=0

location in Fig.3) on suction side and at the upper end (x=1, location in Fig.3) on discharge side. It can be seen that
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k reaches a maximum value at about y=240°, and then decreases with respect to y until the neighborhood of
y=360°. This is due to the reason that, the solid contact on suction side between the vane and vane slot occurs from
y=240° as shown Fig.5 (d), and the counterclockwise moment of contact forces on suction side occurs. It is found
that k decreases when the clearance decreases.

Fig.5 (b) shows the variation of the average oil film using the oil film parameter A (= ﬁo /o) at the lower end of
vane slot on suction side through one revolution of the crank. Because the inclination k is always larger than 0° as
shown in Fig.5 (a), it can be seen from the geometry of vane (Fig.3) that HO becomes the minimum oil film
thickness on suction side between the vane and vane slot. It can be seen that HO increases between y=0° to y=180°.
This is due to the reason that, the oil film pressures on suction side is raised by the wedge film effect. Because the
wedge film effect disappears when the motion of vane turns over, HO decreases drastically from y=180°.
Consequently, solid contact occurs during the period of discharge process (approximately y=230° to y=350°) as can
be seen from Fig.5 (d), and the lower end of the vane slot on suction side is in a mixed lubrication zone. Moreover,
the period of the occurrence of solid contact does not depend on the clearance values.

Fig.5 (c) shows the variation of reaction forces of oil film per unit width of cylinder w, on suction side between
vane and vane slot through one revolution of the crank. Fig.5 (d) shows the variation of contact forces per unit
width of cylinder w, on suction side between vane and vane slot through one revolution of the crank. It can be seen
that the lubrication on suction side between the vane and vane slot is in a hydrodynamic lubrication zone from y=0°
to y=200°. From y=200°, the reaction forces of oil film on suction side decreases drastically, and thus the contact
forces occurs. The load sharing ratio of contact forces is large during the period of discharge process. When the
clearance decreases, the contact forces during the period of comparatively large contact forces (from y=230° to
y=260°) decrease, and the reaction forces of oil film increase. The maximum contact force of the C, =4.7x 107 case
during one revolution of the crank is about 85% of that of the C, =6.6x 107 case. It is found that the load carrying
capacity of oil film between the vane and vane slot increases when the clearance decreases.

Fig.5 (e) shows the variation of reaction forces of oil film per unit width of cylinder w, on discharge side between
vane and vane slot through one revolution of the crank. Fig.5 (f) shows the variation of contact forces per unit width
of cylinder w, on discharge side between vane and vane slot through one revolution of the crank. It can be seen that
solid contact occurs from y=90° to y=240° and the lubrication on discharge side is in a mixed lubrication zone.

Fig.6 shows the relationship between the dimensionless friction loss and the dimensionless clearance. Where, the
dimensionless friction loss is defined as the ratio of friction loss to the friction loss value of C, =5.6x 107 case. In
the friction loss, the contributions due to solid contact are contained. It is found that the friction loss decreases only

slightly when the clearance decreases.

4.2 Effects of Length of Vane Slot

The analysis results shown in Fig.7 are of the cases when the dimensionless length of vane slot L, is 3.8, 4.7, 5.6.
The horizontal axis is the crank angle .

Fig.7 (a) shows the variation of the inclination of vane kK with respect to the crank angle through one revolution of
the crank. It can be seen that the vane always inclines in the clockwise direction just like the results in Fig.5 (a). It is
found that k decreases when the length of vane slot increases.

Fig.7 (b) shows the variation of the average oil film using the oil film parameter A, (= HO / o) at the lower end of
vane slot on suction side through one revolution of the crank. It can be seen that, similar to the results in Fig.5 (b),
the lower end of the vane slot on suction side is in a mixed lubrication zone during the period of discharge process.
It is found that, when the length of vane decreases, the time lag of the transition to mixed lubrication increases and

the period of mixed lubrication decreases.
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Fig.7 (c) shows the variation of reaction forces of oil film per unit width of cylinder w, on suction side between
vane and vane slot through one revolution of the crank. Fig.7 (d) shows the variation of contact forces per unit width
of cylinder w, on suction side between vane and vane slot through one revolution of the crank. It can be seen from
the results in Fig.7 (c), for the L,=3.8 case, the reaction forces of oil film decrease from y=180°, and for the L,=5.6
case, the reaction forces of oil film decrease from y=240°. It is found that, when the length of vane slot decreases,
the period of mixed lubrication decreases and the period of hydrodynamic lubrication increases. From the results in
Fig.7 (d), it is found that the maximum contact force during one revolution of the crank decreases when the length of
vane slot increases.

Fig.7 (e) shows the variation of reaction forces of oil film per unit width of cylinder w_ on discharge side between
vane and vane slot through one revolution of the crank. Fig.7 (f) shows the variation of contact forces per unit width
of cylinder w, on discharge side between vane and vane slot through one revolution of the crank. It can be seen that
solid contact occurs from y=90° to y=240° and the lubrication on discharge side is in a mixed lubrication zone.

Fig.8 shows the relationship between the dimensionless friction loss and the dimensionless length of vane slot.
Where, the dimensionless friction loss is defined as the ratio of friction loss to the friction loss value of L, =4.7 case.
In the friction loss, the contributions due to solid contact are contained. It is found that when the length of vane slot
increases, as what has been illustrated in the results of Fig .7, the period of mixed lubrication decreases, and the

friction loss decreases.
5. CONCLUSION

The numerical analysis for mixed lubrication has been developed in order to realize the optimum design of the
vane in a rotary compressor. Furthermore, by our analysis results, the following conclusions have been obtained.

1. The vane always inclines in the clockwise direction as shown in Fig.3. Consequently, the solid contact between
the vane and the vane slot occurs at the lower end (x=0 location in Fig.3) on suction side and at the upper end
(x=I, location in Fig.3) on discharge side

2. In the period of mixed lubrication during discharge process, the influences of the clearance to the reaction
forces of oil film as well as to the contact forces between the vane and vane slot are small. Consequently, the
variation of the friction loss with respect to the clearance is small.

3. When the length of vane slot increases, the period of mixed lubrication decreases, and the friction loss

decreases.
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Table 1 Analysis conditions

Radius of cylinder [mm] 19.5
Outer radius of piston [mm] 15.9
Eccentricity of crank, € [mm] 3.6
Dimensionless clearance
between vane and vane slot, 47,5.6,6.6
C, (=c¢,/d)[107]
Dimensionless length of vane slot,
L,(=1/d) 3.8,47,5.6
Rotor rotating frequency, N [Hz] 60
Suction pressure, P; [MPa] 1.27
Discharge pressure, Py [MPa] 4.25
0Oil viscosity, n [10°Pa - s] 2.8
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