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Fig.1.1 Gas heat pump system
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Condenser
(Heat exchanger)
Expansion valve Compressor
Evaporator
(Heat exchanger)

Fig.1.2 Vapor-compression refrigerator
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Figl.4 Structure of multiple vane compressor
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Ball bearing 1
Crank shaft
Driving shaft
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Fig.1.6 Structure of scroll compressor

Fig.1.7 Example of damage sample in development period
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Table 2.1 Dimension of multiple vane compressor

Rotor

Diameter, mm 56.2
Length of offset, mm 3.8
Surface roughness R;, tm 0.04
Cylinder

Magjor axis, mm 77
Minor axix, mm 56
Width 36
Surface roughness R;, tm 0.50
Hardness, HV 10 205
Thermal conductivity, W/m-K 79
Vane

Thickness, mm 3.6
Vanetip radius, mm 35
Surface roughness R;, tm 0.40
Hardness, HV 10 149
Thermal conductivity, W/m-K 134
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Table 2.2 Chemica composition of FC200

C S Mn P S Cr
32~35 | 22~32 | 3.2~35 0.1 0.12 0.15~0.3
Table2.3 Chemical composition of A390
S Cu Mg Zn Fe Ti Al
16.3 4.6. 0.53 0.03 0.16 0.01 Balance
Table2.4 Chemica composition of SCM415H
C S Mn P S Cr Mo
0.12 0.12 0.55 0.85 0.15
~0.03 | ~0.03
~0.18 | ~0.35 ~0.95 ~125 | ~0.30
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Kinematic viscosity, mm?/s

Table 2.5 Properties of refrigerating lubricant

Base ail Polyalkyleneglycol
Additive Phosphate
40C 143
Kinematic viscosity, mm?s
100C 25
100 —
Z —
P ———t—
—0eMPA [ [T
l C : . === £=;==;' —— 1 .
oMPa-— ( W\
' [

I 1.0MPs = ! ,

10 r L
} 1.2MPay—4
I e T
I I L4MPa]
1 . : 1
| . 1.6MPa

PR N
| I 1 [18vPa
1 1 S ’
0 20 40 60 80 100 120

Fig.2.1 Viscosity-temperature-pressure relation of refrigerating lubricant

Temperature, °C
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Aluminum vane

N
g A

Side block

Fig.2.2 Assemble of electrical insulating circuit

Cylinder

Vane Q) R - E

Fig.2.3 Block diagram of eectrical insulating circuit
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[

Contact resistance R, Q

Cylinder Cylinder

A
Vane
Vane
Contact Fully separated by oil film
10000
1000
100
10
1
0.1 L L 1
0 50 100 150 200
Measuring voltageV, mV
0 25 50 75 100

Separation degree

Fig.2.4 Relation measuring voltage and contact resistance
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Fig.2.5 Variation in separation degree with rotor angle

around 100° \
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Fig.2.6 Surface profile on theinner surface of cylinder at 100°
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Separation degree SD, %
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Fig.2.7 Definition for Average separation degree ASD
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Condenser
P a— - Cooling water

Qil separator

Expansion valve

(]-l Flow control valve H

Compressor

Heating water — —>

Fig.2.8 Test system for investigation of each parameter on average separation degree

Table 2.6 Operating conditions for investigation of each parameter on average contact

Rotational speed N, rpm 1000~3000
Suction pressure P, MPa 0.4~0.7
Discharge pressure Py, MPa 1.8~24
Suction super heat Tg,, ‘C 3~30
Oil circulation ratio OCR, mass % 0~10
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Average separation degree, %
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40 |

30 }

20 t

10 }

10 20 30
Suction superheat Tg,, C

Fig.2.9 Effect of suction superheat on ASD
(N: 2000 rpm, Ps: 0.6 MPa, Py : 2.0 MPa, OCR: 10 mass%)
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Average separation degree, %
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30+

20}
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Qil circulation ratio OCR, %

Fig.2.10 Effect of oil circulation ratio on ASD
(N: 2000 rpm, Pg 0.6 MPa, Py 2.0MPa, Tg: 20 C)
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Average separation degree, %
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Rotational speed N, rpm

Fig.2.11 Effect of rotational speed on ASD
(Ps 0.6 MPa, Pg:20MPa, Tg: 20 °C, OCR: 10 mass%)
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Average separation degree, %
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Fig.2.12 Effect of rotational speed on ASD
(N: 1200 rpm, Pg: 20MPa, Tg: 20 °C, OCR: 10 mass%)
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Average separation degree, %
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Fig.2.13 Effect of discharge pressure on ASD
(N: 3000 rpm, Pgs 0.6 MPa, Tg: 20 ‘C, OCR: 10 mass%)

25



Table 2.7 Experimental summary

Lubrication factor

Operating Trend Pro_sp(_ect of
of Sommerfeld number oil film
parameter oil formability
quantity | gliding Qil i

velocity | viscosity | Pressure

/1—>

//\jj 5

/—>
; ~
/
N\

|\
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Outdoor condition Indoor condition

-

Indoor equipment

o /

Fig2.14 System test on equivalent condition of field

Outdoor equipment
\ equip

Table 2.8 Operating conditions for air conditioning system

Cooling Heating
Unit °C In Out In Out
dry/wet dry/wet dry/wet dry/wet
Low temperature 27124 27124 20/ 15 7/6
Standard 27119 35/24 20/ 145 2/1
Over load 32/28 43/ 26 30/21.3 26/18.2
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Fig.2.15 Average separation degree under operating conditions for air
conditioning system
(Te:15~20C, P4:1.8~2.1MPa, OCR: 10 mass%)
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Condenser
<« — Cooling water

Oil separator
Expansion valve P

G-l Flow control valve G{

Compressor
Heating water — —>

Rotational speed N, rpm 1500
Suction pressure P;, MPa 0.6,0.7,1.0
Discharge pressure Py, MPa 25
Discharge super heat Ty, C 10

Oil circulationratio OCR, mass% 10
Operation time, hour 1500

Fig.2.16 Operation conditions for endurance test
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Wear amount, mg
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20

0.6 0.7 10

Suction pressure Ps, MPa

Fig.2.17 Wear amount of vane vs. suction pressure
(N:1500rpm, Pg:2.5 MPa, T4:10°C, OCR: 10 mass%, Operation time: 1500hour)
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AT TR L e — el O MIRR S FHE FEIC W TR, N— e,
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: Acting force of vane
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n : The top of vane
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¢ : Compression chamber
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r : Rear area of vane

1,2 : Point of acting point
min :minimum value

Fig.3.1 Dynamical model around va
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Calculation ofP,
By averaging betweel, andPy

-

Calculation ofPg. P,
By theoretical adiabatic compression equation

~

Calculation ofF, F,
By equation of forceytdirection) and moment

-

Calculation oftsFy, toF
/LIF: ,uch+ I:roil
F=Fo( )+ F(A)
For : Oll film force calculated by infinite width theory
F. : Contact force calculated by GT model
1, : Friction coefficient 0.1
Fwi : Oil sheering force calculated by infinite width theory

Calculation ofF,

by equation force in-direction

'

Decision ofp
by reference to Fig.3 based on averadirapdP between suction
and discharge

Calculation ofhy,

Fnot : Qil film force calculated by Martin’s equation
F.. : Contact force calculated by GT model

Fig.3.2 Calculation procedure of conventional method
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m) : Oil pathway

Oil separator Compression chamb
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Oil chamber
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Fig.3.3 Oil path route in multiple vane compressor
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Oil film paramete OFP , hyw/ O

Average separation degre&sD, %
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Fig.3.4 Calculaton results from parameters conservativ methoc
(N: 1500rpmPg: 2.1 MPa,Ts; 20 °C)

56



Vane K\

Rotor journal !
J \ :
Li i Ro

N\~ L/
|
| —

Py (\ ( P,
Discharge [\ | | , 5 Compression
case © Oil chambey chamber

!
rl

Side block

Pmeanc
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Vane back pressure, MPa
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Fig.3.6 Comparison between theoretical values and experimental values
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Fig.3.7 Position of pressure sensors

Side block Cylinder

Pressure sensor Copper washer

Fig.3.8 Cross section of installed pressure sensor
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Fig. 3.9 Pressure measured by each sensor
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Fig.3.10 Variation in pressure with rotor angle
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Fig.3.11 Experimental formula vs measurement data
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Fig.3.12 Pin on disk test equipment
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Friction coefficient
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Fig.3.13 Friction coefficient on vane-slot
(Pin: A390Disk: SCM415 ubricant: PAGTemperature:40,Load: 90N)
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Kinematic viscosity, mris
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Fig.3.14 Viscometer for refrigerant/oil mixture
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Kinematic viscosity, mnis

Kinematic viscosity, mnis
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Fig.3.15 Comparison between conventional method and improved method
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Viscosity, mni/s
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Fig.3.16 Qil viscosity at vane top
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Calculation ofP,
By equation of flow continuity

-

Calculation ofPg. P,
By experimental formula

'

Calculation ofF, F,
By equation of forceytdirection) and moment

-

Calculation oftsFy, toF
UF= [+ Fooi

F=

of

m T

c

&

Fof(/l)"' Fc(/‘)

: Oil film force calculated by infinite width theory
: Contact force calculated by GT model
: Friction coefficient in boundary lubrication condition meas

I:roil .

with pin-on-disk tester
Oil sheering force calculated by infinite width theory

-

Calculation ofF,
by equation force in-direction

'

Decision ofp
by reference to Fig.3 based ogand R

~-

Calculation ofhy,

I:nof
I:nc

: Qil film force calculated by Martin’s equation
: Contact force calculated by GT model

Fig.3.17 Improved calculation procedure
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Pressure, MPa
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Rotor angle, degree

Fig.3.18 Compression chamber pressure from experimental formula
( Py 2.1MPa, 4P:0.5MPa)
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F,N

F., N
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Fig.3.19 Force applied from vane to vane slot
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Fig.3.20 Friction force at action point of F,
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Fig.3.21 Pushing force against cylinder at vane-top

70



/o

min
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Fig.3.22 Calculation results from parameters by improved method
(N: 1500rpm, Pg: 2.1 MPa, Tg,: 20 C)
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Table 4.1 Dimension of multiple vane compressor

Magjor axis, mm 86
Cylinder Minor axis, mm 68
Width, mm 42
Diameter, mm 68.1
Rotor
Length of offset, mm 29
Thickness, m 3.6
Vane
Number of vane 5
Suction volume, cc/rev 200
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Oil separator inlet

Valve room i Discharge period

Discharge case i Rotational direction

\

i Compression period
Compression room %\

Suction period
Cylinder

Suction hole

Fig.4.1 Cross-section view of compression room

80



Table 4.2 Test conditions

Rotational speed N, rpm 1500~3000
Suction pressure P;, MPa(abs) 0.6
Discharge pressure Py, MPa(abs) 2.1
Suction superheat Ty, C 20

Oil circulation ratio OCR, mass% 5
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@/ ( Sensor@®

3 ‘Sensor@
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( Measured p0| nt

55 ty Sensor®

Fig.4.2 Position of pressure sensors

Side block Cylinder

Pressure sensor Copper washer

Fig.4.3 Cross section of installed pressure sensor
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Gap sensor

Valve guide

Valve

Fig.4.4 Measuring technique of valve lift
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Fig.4.5 Comparison between experimenta line and theoretical line
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Fig.4.6 Proportion of power loss (Under cooling standard condition)

85



Over-compression pressure 4P, MPa

Over-compression power lossratio y, %
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Fig.4.7 Relation between over-compression and rotational speed
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Fig.4.8 Existence and timing of pressure plus
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Fig.4.9 Effect of pressure plus on VValve open-timing
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SideB

» Pressure plus

Fig.4.10 Pressure propagation from other valve room
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Fig.4.11 Verification of pressure propagation
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Wave breaker

Fig.4.12 Measure for preventing pressure propagation
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Fig.4.13 Effect of wave breaker seal (N: 3000rpm)
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Fig.4.14 Effect of wave breaker sea onindicated diagram (N: 3000rpm)
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Fig.4.18 Effect of discharge route length optimized on indicated diagram (N: 3000rpm)
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Table 5.1 Specification of compressor

Refrigerant R410A
Lubricant Polyvinyl ether V G68

Suction volume 120 ml

Type Open

Table 5.2 Dimension of bearing

Drive shaft
Diameter 32mm
Width 26 mm

Crank shaft
Diameter 45 mm
Width 42 mm
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Journal bearing

Ball bearing
Crank shaft

Driving shaft
Orbiting scrall

Fig.5.1 Structure of scroll compressor
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Fig.5.2 Viscosity of refrigerant-dissolved-oil
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Oil separator
Qil hole m/Suction tube

Journal bearing ’;‘\

Discharge tube

Low pressure side High pressure side

Fig.5.3 Circuit of lubricating oil
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Crank & drive shaft R

Journal bearing

Fig.5.4 Block diagram of electrical insulating circuit

Table 5.3 Parameter of electrical insulating circuit

Ry R, E
© 1000Q | 2000
1200 mV
@ 50 Q 100
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Separation degree SD
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Fig.5.5 Variation in separation degree with crank angle
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Table 5.4 Test conditions under steady

Rotational speed rpm 2000, 4000

Suction pressure MPa 0.8
Discharge pressure MPa 1.8~3.6

Oil temperature C 20~65
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Average separation degree ASD
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Fig.5.6 Effect of discharge pressure and rotational speed
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Average separation degree ASD
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Fig.5.7 Effect of discharge pressure and rotational speed
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P. : Chamber pressure
P, : Suction pressure
P, : Discharge pressure
p: Pitch

F,.: Tangentical force
F.: Radiational force

Fig.5.8 Bearing load caused by gas pressure
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Fig.5.9 Bearing load vs. crank angle
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Average separation degree ASD
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Fig.5.10 Average separation degree vs. oil film parameter
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Table 5.5 Conditions & results of durability test

Conditions Results
Width | Oil Temp. A Level
@ | 26mm 50C 1.0 0
@ | 15mm 90°C 0.6 1
©) 9mm 90C 0.3 1
@ 9mm 110C 0.17 2
Table 5.6 Level of surface damage
Level Deteriorate on surface of Journal
0 No damage
1 Attached bearing material
2 Roughness increase
(Ra: 0.1um—more than 0.5um)
Table 5.7 Conditions of start-up test
Mode/ Temperature Standby
Condition In Out time
Unit C C hour
Cooling 27 35 5
Heating 20 0
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Fig.5.11 Variation in separation degree with time during cooling start-up
process
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Fig.5.12 Variation in separation degree with time during heating start-up
process
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Suction tube
Oil hole Qil separator

-I- Discharge tube

Heater

Oil tube

Low pressure side High pressure side

Fig.5.13 Oil separator heating
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Rotational speed, rpm
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025 F
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Fig.5.14 Separation degree with heater at oil separator
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Table 5.8 Improving for start-up

Current Improved
Heater Without Equipped
Results
(Leve) 2 0
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