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FUNDAMENTAL STUDY OF HIGH-EFFICIENCY ROLLING-PISTON-TYPE COMPRESSORS
FOR REFRIGERATORS

Masayuki KARODA, Toshihide EODA, Yoshihisa EITORA
Central Research Laboratory
MITSUBISHI Rlectric Corporation
Amagasaki, Hyogo, JAPAN

ABSTRACT

In order to further improve the efficiency of rolling-piston-type compressors
for refrigerator use, the authers have measured the performance of current compres-
sors and estimated each loss quantitatively, Because of high compression ratios and
less refrigerant flow, the losses caused by superheating the refrigerant suction gas
are considerably high. The mechanical and motor loss also account for a consgider-
able part of losses. Based on this estimation, we re-designed the fundamental struc-
ture of the compressor, and reduced these losses. A prototype compressor has been
designed, censtructed and tested. This paper describes the loss analysis, the
design of prototype compressor and its test result. ’

INTRODOCTION

Rolling-piston-type compressors are typical omes with many characteristics such
as (Dno suction valves (@a smooth compression process (Dgood rotating balance @a
small size and low manufacturing cost, In 1970 NITSUBISHI Electric Corp. developed
rolling-piston-type compressors for domestic air-conditioning use, and developed com-
pressors for refrigerator use with laid comfiguration in 1980, Since then many*
improvements have been carried out on efficiency and function. > Two factors have
limited further improvements in the efficiency. They are (a)large losses caused by
superheating the refrigerant gas under high compression ratios and (b)significant
mechanical losses. -

The authers have re-examined the basic design of this compressor and tried to
further improve the efficiency. For this purpose we have brushed up on loss analy-
sig, heat and fluid analysis and motor design technique. We estimated and appreci-
ated each loss, searched after the means of loss reduction and re~designed the funda-
mental structure of the compressor. Consequently we have found a way to improve the
efficiency by 10% on the prototype compressor.

ANALYSIS OF PERFORNANCE

T ApT

As the object of the efficiency improvement study, we chose the rolling-piston-
type compressors with laid configuration for refrigerator use (we refer to it as the
“current compressor™ from here on). Major specifications of the current compres-
sor are listed in Table 1.

Table 1 Major Specifications of the Compressar

Compression Mechanism I-cylinder, Rolling Piston Type

Stroke Volume 4.2cm’

Motor single -phase 100V, I30 W closs
Dimension outer diameter :92mm, length: 195 mm
Weight S5.2Kg

809



Fig.1 shows a sectional view of the current compressor. The pressure in the
compressor shell is kept at discharge side, and lubricating 0il is stored in the
lower part. A differential-pressure oil supplying mechanisa is adopted, The pres-
sure difference between the imside of the shell and the inside of the cylinder sup-
plies sealing parts and bearings with lubricating oil. The compressing mechanisa is
a rolling-piston-type with one cylinder. Refrigerant gas is sucked directly into
the eylinder, discharged into the shell, separated from oil, and then finally
exhausted from the shell. :

Bearings Motor

Discharge Pipe
——]

[ —
Suction Pipe

A
/
— D;l
| [ 1 \

e

N\ AN \
Cylinder . Lubricating Qil Crankshaft
Rolling Piston Qil Hole

Fig 1 Sectional View of 2 Current Compressor

In order to improve the efficiemcy of a compressor by reducing losses, it is
important to estimate each loss, such as motor loss, mechanical loss and indicated
losses shown in Fig.2. First, we tested the performance of current compressors, by

ﬁghnmunﬁner Shatt Power Ir d Power L_Zg%ggggggg&a Superneating Loss

Motor Loss Mechanicgl Loss Indicared Loss Dead Volume Loss

Leak Loss
Discharge Loss
Suction Loss

Fig 2 Distribution of Work and Losses

measuring input power and refrigerating capacity so that they might be the base of
efficiency improvement, The motor loss was separated from other types of losses by
conducting a performance test on only the motor. The indicated power ware caleu-
lated on a computer using pressure peasuted in the compression chamber, and con-
verted into gas compression work and indicated losses. The performance test condi-
tions of the compressor are listed in Table 2.
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Table 2 Performance Test Condition of the Compressor

Operating Frequency f:60Hz

Condensing Temperature Tc:54.4°C Evaporating Temperature Te:-23.3°C
Dischorge Pressure Pd:|.35MPa-abs Suction Pressure Ps:O.|3MPa-abs
Subcooling AT:222K  Suction Temperature  Ts:32.2°C
Ambient Temperature  Ta:32.2°C

For an example of the performance ) Loss Inchoated Loss
test result, Fig.3 shows details of Y% echonoal Loss

power, losses and a volumetric efficiency Thearercal Gos Morr | F|

drop. According to Fig.3(a). about 54% Cuﬂmu&g%gbm %gg 0l 156

of total input power is theoretical gas -

compression work, 20% is the motor loss, I -

and 11% is the mechamical loss. About | Dischomge Loss
16% of the power is the indicated loss < ™T] Ty
caused in the suction process, in the com- | Mowr Less Loss || t-sucton Lass
pression process and in the discharge 43 25 | 3]s 8 2
process. The loss caused by superheating B .

the suction gas accounts for 2 consider- Sipeeatig Loss “ueffece
able part ;f the indicated losses, repre- (Leak, Dead Volume
senting 13% of total losses and is equiv-

alent to almost 57% of the mechanical {0 Anolyss of Power (upper) and Logs {iower)
loss, As mentionmed above, am overshoot- it % Dead Volgme  Leak

ing loss caused in the discharge process i

and a suction pressure loss account for 1 | Superhesting
only a small part of the loss. Superheat- | Voumetnc Efficency 85

ing loss and mechanical loss account for

a large part, because of less refrigerant 100

flow in the refrigerator compressor in (b) Causes of Volumetric Efficiency Drop

comparison with compressors for air-

conditioning use. : .

Fig 3 Performance Apalysis of
Fig.3(b) shows the factors of volu- Carrent Compressors

metric efficiency drop and their ratio as

a result of analyzing volumetric effi-

ciency of current compressors. It is remarkable that the volumetric efficiency is

also greatly influenced by superheating as is the loss. As the heat generated by

the motor loss transfers to the compressor body and superheats suction gas, the

motor loss increases the superheat loss. Thus it is one of the most important tasks

to reduce the motor loss in regard to the refrigerator compressors in which super-

heating loss accounts for large part of losses. Based on above-mentioned result of

analysis, reducing mechanical loss of the compressing part, superheating loss and

motor loss is considered important in order that the efficiency of refrigerator com~

pressors may be improved.

REDOCTION OF LOSS
Motor Loss

To reduce the motor loss in the ten-
tative compressor for the efficiency
improvement study (we refer to it as the .
“prototype compressor” from here on), Motor Stator Core
ve examined and carried out the follow- ‘
ing: Magnetic Waedge-like Elament
1)The supporting of bo f \ .
¢ rotor .’}l;f,h besnrings tfo °§§§u§e tt:;: Fig 4 Cl_anstructno!l of Motor Stator
whirl and lessen the air-gap, vith Magnetic Wedge
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(2)Making the rotor from a high density
aluminua alloy,

(3)Inserting magnetic wedge-like elements
(see Pig.4) into the open side of the

coil slots on the stator to make mag-
netic flux uniform. 100} -
By carrying out these procedures, we Iron
can decrease the copper loss and the irem & L L _Loss
loss of the motor as shown in Pig.5, and 9§ T
the motor loss under the rated power con- 3 50t
dition at 60Hz is reduced to 90% in the Copper
current compressor. g Loss
Indi L S
We examined the way to reduce super- = Q
heating loss, which accounts for-a large Current Prototype
part of indicated losses. If the suction :
gas is superheated in the suction proc- . .
ess, the temperature at the imstant of Fig 5 Reduction of Motor Loss (estimated
starting compression rises, and compres- at G0z, on rated pover) :

sion work increases. Thus superheating

logs is caused, and the volumetric effi-

ciency also falls, because the density of

the suction gas becomes low, The super-

heating of suction gas spoils the performance of a compressor because of the power
increase and the refrigerating capacity decrease. .

Suction gas is heated by the discharge part and the motor through the walls of
the suction pipe and the cylinder. In order to reduce the loss, it is important to
thermally insulate the suction pipe and adopt an effective structure radiating the
beat of the cylinder and the motor, We then formulated a heat analysis technique
which predicted the temperature of each part of the compressor, and chose a more
effective thermal insulation structure and radiation design.

®: | point for circumference A 3 ponts for circumference m : 5 poins for arcumference
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Fig. 6 Node Arrangement of Thermal Netvork

|

¥ig.6 shows, as an example, the model of thermal pnetwork for analyzing tempera-
ture in the compressor. Temperature distribution is not alwaye symmotrical in the
compressors with laid configuration, because of the lubricating oil stored in the
lover part, the suction part and the discharge part. A thermal network constructed
in only one longitudinal section does not give a sufficiently accurate result. - So
wo arranged 3 or 5 nodes in circumference, and we supposed that the temperature of
the rotating parts, such as crankshaft, were unifors in & cross section, We made a
thersal network model of the oil-circulating and heat-transfering route(see Fig.7),
as heat tranfer caused by lubrieating 0il can not be ignored. .
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Fig. 7 Model of the Route Supplying Lubricating 0il

Qil Reservoir

The oil-cireulating route starts from the oil reservoir and comes back to the oil

reservoir through bearings and the inside of the cylinder. It is now taken into con-
sideration that lubricating oil either gives and takes heat with COmpressing parts

or with each sliding part. Heat generations by gas compression, by motor loss and

by mechanical loss were calculated and assigned to each node, We consulted the ref-
erence‘® for the value of thermal resistance.

Results of thermal amalysis and Reasurement in the current compressor were com-
pared in order to verify that the analyzing technique and the model were reason-
able. Conditions were almost the same 2s those in Table 2. Two cases where the tem—
peratures of the suction pipe were 32.27T
and 10.3C were analyzed, measured and
compared as shown in Fig.8, Calculated 150
temperatures at five peoints in the com-
pressor do not differ more than 3K from
the measured one.

8

Using this analyzing technique, we
examined the structure to insulate effec—
tively the heat transfer to gas in the
compressor, and clarified that the follow-
ing procedures were effective.

(1)Putting in an insulating materijal
inside the suction pipe,

(2)Installing an insulating cover prevent-
ing the heat of hot discharge gas olu ) N o
transferring to the compression part, ® ® & @ ® o e

(3)Designing the structure that radiates SN Suchion Discharge insede of
a groat deal outside of the compres- Poe  Fon Rt e st Pipe
sor. . .

Fig.9 shows the predicted temperatures of Fig § Thermal Analysis of the Current

several points in the prototype compres- Compressor

sor adopting this improved design. They

Temperature (4G

8
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are obviously lower than those in the current compressor.

Bechanj Li
Generally speaking, the mechanical @ Discrorge Pt @
loss of well designed rollipg-piston-type Decrrge Fipe
cospressors is low in comparison to the
other type rotary compressor. MNechanical Sucran Fioe - Compmtttng Rrts
loss, however, accounts for no small per- 50 Suction Fon @
centage of losses in smaller class com- N i3
pressors such as those for refrigerator  _ Eg§§§
use. Most of the mechanical loss im 2 EE”E 5
rolling-piston-type compressors is com- 3 §~%§§§
sisted of @friction loss on the main ¢ &g
bearing, @friction less on the imside of ¢ Lh [][]E]
the rolling piston, @friction between M T :
the side of the vame and the slot, ®fric- 4 .
tion between the tip of the vane and the a0 - :
outside of the rolling piston, etc. To === - Messurr Ran
reduce the mechanical loss, we tried the D @ @

following improvement items in the proto- Suenen Port Descharge @ Discrarge Poe

type compressor. .
(1)Supporting both ends of the rotor to Fig 9 Results of Temperature Drop
raduce the friction loss in the bear- (Calculation and Measurement)
ings, on the other, the adjusting of
dimensions(diameter, length) of the
main bearing andthe inside of the
rolling piston, being based on the
bearing performance amalysis. This is taking into consideration the fact that
the crankshaft and compression parts will deform,
(2)Reducing roughness on the sliding surface to 80% of the current one to decrease
friction forces at the tip and the side of the vane,
These improvements were expected to do well in reducing mechanical loss to 86% or
so for the current one.

TEST OF PROTOTYPE COMPRESSOR

s at

Fig. 10 shows a sectional view of the prototype compressor in which the above-
nentioned procedures were adopted. The basic construction was the same as that of
the current compressors, but the configuration of bearings, thermal insulating in
the compressor shell and the radiating structure were altered.

/et
A

|

7
D
1

LHHQHHH St

Roiling Piston Radiating Fin  Sub-Bearing
insulating Material Main-Bearing
Crankshaft

Insulating Cover
\ Cylinder

Fig 10 Sectional View of the Prototype Compressor



We measured the performance of the prototype compressor with a secondary refrig-
erant calorimeter under the conditions listed in Table 2, Table 3 shows the perform-
ance test result of the prototype compressor in comparison to the current compres-
sors. The volumetric efficiency was 88%, higher than that of current compressors.

Table 3 l;erfnrmance of the Prototype Cninpressur
(compared with the Current Compressor)

Current Compressor | Prototype Compressor
Ratio of Input Power 1.0 0.95
Ratio of Refrigerating 1.0 1.04
Capacity
Ratio of C.O.P 1.0 .10

Temperatures measured in representa— .
tive points are shown in Fig.9 with those @ @ Discrorge Fort
of current compressors. According to
this result, structure changing appears ?
iLﬁLCavm Perrs

to be remarkably effective for tempera-
ture drop in the prototype compressor.

Comparing predicted temperatures and mea- e
sured ones, a temperature drop of 15K Inaigneg wxreral
was expected at the suction port@ of the 120

prototype compressor where a 12K drop
was measured, The difference was 3K.

As for the discharge port® and discharge
pire®, the difference betweem the mea-
sured temperature and the calculated onme
was 2K, showing that these temperatures

are closely matched. P D
| ) e, |
@

The effect of insulating material in
the suction pipe of the prototype COmpres—
sor was vehrifhied by llleans of two lefsure-
wents with the insulating material and . : :
without it. Fig,11 shows the result. Fig. 11 E!““ of Insulating Suction
Without the insulating material, the tem- Pipe ou Frototype Compressor
perature is 3.5K higher than that of the
case with it. The remarkable effect of insulating the suction pipe is made clear.

wilh Insukat
d Su(hnn"ape
N wimaut Insulanng
N Suthor Pipe

&0

Temperature {*C]

@
Suerien Port Deetorge For Duscharge Piew

We consider the cause of the 4% improvesent in volumetric efficiency. Gener-
ally speaking, the temperature drop of suction gas causes its density to raize, and
the mass flow of the refrigerant increases, Ag shown in Fig.9, the gas temperature
in the suction pert@ of the prototype compressor is about 12K lower than that of
the current one. This fact corresponds to a 4% density rise, and the figure is the
same for the measured refrigerating capacity imcrease. The changing of insulation
and a radiating structure appears to contribute to high volumetric efficiency.

Analyzing Power Loss

Based on the results of the performance test, temperature measuresent inside
the compressor, and the performance test on only the motor and loss analysis of cur-
rent compressors, we carried out a loss analysis of the prototype compressor. Fig,
12 shows the percentage of each loss in comparison with that of the current compres-
sors,

A performance test of the motor was done under the conditions of those in the
air, at 25°C, at the operating frequency of 60Hz and with comstant load of torque,
Due to the improvement of the motor, the motor loss forms 18.1% of total input
pover, which is 1.8% smaller than that of current compressors. The decrease of
loss corresponds to the expected one. The motor loss is analyzed further in detail,
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Py‘testing each compressor with only one improvement procedure. The result clar-
ifies that each precedure contributes to loss reduction.

unit : % Mechanical L/oss ydicmed l.oss
Theoretical Gas Motor / i /
(a) Prototype Compression Work Loss }
Compressor 579 8.1 |9.3114.5
! / / i |
9 / /, II 100
i / ]
(b} Current I { { f
Compressorl 536 | 199 109 |5._6

Fig 12 Comparison of Loss Apalyses

Bquipping a compressor with interior pressure sensors, the dead volume will be
great and will disturb the precise measurement of refrigerating capacity. As the
prototype compressor is equipped with no pressure sensors, we can not separate indi-
cated loss from others by the pressure measurement result. The sum of the indicated
loss and the mechanical loss, however, can be estimated by the expression:

(indicated loss)+(mechanical loss)=(total input power)-(theoretical gas compression
work)-(motor loss)

As shown in Fig.12., the sum of the indicated loss and the mechanical loss is about

2.5% smaller than that of current compressors.

The indicated loss was separated from the gechanical loss based on the follow-
ing assumption. The mechanical loss on the main bearing and that on the inside of
the rolling pistom and so forth were estimated by means of the fluid lubrication the-
ory of bearings with their specifications and meesured temperature., The indicated.
loss is estimated basing on the reduction of input power caused by the temperature
drop at the suction port in the compressor. Thus we can estimate the ratios of the
mechanical loss and the indicated loss. The mechanical loss accounts for 9.5% of
total input power and the indicated loss 14.5%. They are respectively reduced in
comparison with current coORpressors.

CONCLUSIONS

We have carried out the study of further officiency improvement on the 130W
class rolling-piston-type compressor for refrigerator use, Based on the thorough
loss analysis of curreat compressors, we have put into effect the following proce-
dures for improvesent.

(1)Reforming the structure for radiation and insulation in the compressor based on
an advanced technique of heat and fluid analysis to reduce indicated loss, partic-
ularly superheating loss, -

(2)8upporting both ends of the rotor and adjusting the dimension of the bearings and
roughness on the sliding surface to reduce the mechanical loss,

(3)Adopting high desity material for the rotor, making magnetic flux uniform and
lossening the air-gap to reduce the motor loss.

We constructed, tested and appreciated the prototype compressor.: The effi--
ciency was about 10% higher than that of current compressors. Though this study is
concerned with only a rolling-piston-type compressor for refrigerator use, the sase
method for efficiency improvement will be appropriated for other types of compres-
sors or for air-conditioning use. :
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