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ABSTRACT

This paper presents a theoretical evaluation for the refrigerant gas leakage flows through the
axial and radial clearances between the fixed and orbiting scrolls in scroll compressors, based on an
incompressible and viscous flow theory. First, the time-dependent pressure drops in an initially
pressurized closed vessel, due to refrigerant leakage flow through the axial or radial clearance, were
carefully measured to address the refrigerant leakage effects. Subsequently, the time-dependent
pressures were carefully simulated by a simple incompressible and viscous flow theory, thus resulting
in a good agreement with the measured results. Additionally, the refrigerant leakage flows were
calculated by a compressible and viscous flow theory to simulate the time-dependent pressure drops,
but any reasonable result could not be ensured. The present paper concluded that the refrigerant
leakage flows in scroll compressors can be well simulated by a simple incompressible and viscous
flow theory assuming an entire turbulent leakage flow and a difficult treatment, such as a compressible
and viscous flow simulation, is not necessarily useful.

1. INTRODUCTION

High efficiency is a major consideration in designing refrigerant compressors used for air
conditioners or refrigerators. A slight improvement in compressor efficiency results in a significant
energy savings. When designing refrigerant compressors, therefore, one should try to minimize the
frictional power loss at each pair of the compressor elements and also the refrigerant leakage power
loss at each clearance between the compressor elements. "

The authors paid a special attention to a close relation between the frictional power losses and
the major dimensions determining the size of compression mechanism, thus presenting a possible
optimum design in mechanical efficiency [1-3]. The suction volume of scroll COMPpressors is
determined by the major parameters, such as the involute base circle diameter, the scroll depth, the
scroll thickness and the number of scroll turns, and, subsequently, there are many combinations of
major parameters that result in a scroll compressor with the same suction volume. Depending upon the
selected combination of these major parameters, the frictional power losses in scroll compressors
change, resulting in different mechanical efficiencies. Similar discussion can be made for volumetric
efficiency: depending upon the selected combination of the major parameters, the refrigerant leakage
flow rate from each clearance between the compressor elements changes, resulting in different
volumetric efficiencies.

In order to computer simulate the volumetric efficiency for various combination of the major
parameters, a simple method to evaluate refrigerant leakage flows in scroll compressors has to be
established. Scroll compressors have axial and radial clearances between compressor elements, thus
causing the refrigerant leakage from higher compression chamber. This study presents a theoretical
evaluation for the refrigerant gas leakage flows from the axial and radial clearances, based on an
incompressible and viscous flow theory.
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The authors paid a special attention to a time-dependent pressure drop due to leakage through
clearances, which implies a serious information on leakage feature itself. Two leakage test models for
the axial and radial clearances were made, which comprise a test clearance sandwiched between two
pressure chambers. One of the chambers was connected to an initially pressurized closed vessel with a
Jarge volume and other was opened to the atmosphere. Depending upon the leakage flow through the
test clearance, the pressurized chamber decreases in pressure. Before starting the leakage tests, the test
model was well warmed up in a refrigeration cycle until the temperature of the test model itself reaches
to the same temperature as the discharged high pressure refrigerant. The time-dependent pressure
drops were precisely measured for various initial pressures and test clearances. Subsequently, in order
to simulate the measured time-dependent pressure drops, the refrigerant leakage flows through the axial
and radial clearances were calculated by a simple incompressible and viscous flow theory, where an
entire turbulent flow was assumed. In order to examine other possibilities to simulate the measured
pressure drops, the refrigerant leakage flows were re-calculated by a compressible and viscous flow
theory, where Fanno flow was assumed.

2. TEST MODELS FOR REFRIGERANT LEAKAGE IN SCROLL COMPRESSORS

Scroll compressors have two kind of leakage flows from a higher pressure chamber to a lower
pressure chamber: one is the leakage flow through the axial clearance between the orbiting scroll end
plate and the fixed scroll, as shown in Figure 1b; other is the leakage flow through the radial clearance
between the orbiting and fixed scrolls, as shown in Figure lc. The axial clearance is represented by 8,
and the radial clearance is by 8. The pressure in compression chambers is represented by po, p1 and
p2, and the suction pressure is by ps. The differences in these pressures cause the leakage flows.

In order to examine the leakage flows in scroll compressors, twWo test models were made, as
shown in Figure 2. Diagram (a) is for the leakage flow through the axial clearance, where the length
and depth of the axial clearance were fixed at values of 3.52 mm and 14.5 mm, respectively. Diagram
(b) is for the leakage flow through the radial clearance, ‘where the orbiting and fixed scrolls with an
involute curve were represented by two circular arcs.
The radii of the circular arcs were fixed at 25 mm and
30 mm, respectively, and the depth of the radial
clearance was fixed at 15.0 mm. Both axial and radial
clearances were carefully adjusted at 10 wm and 20
um, with an error of about 4 to 5 um, by using a
non-contact type displacement transducer.

The high pressure chamber on the right hand
side of the test clearance was directly connected to a
closed vessel with a volume of about 850 cm3. The
test model with a closed vessel was initially put into a
refrigeration cycle, between the compressor discharge
port and the condenser, for about one hour, to warm
the test model up. After the test model reached a
stable temperature, the test model with a closed
vessel was separated from the refrigeration cycle and
the low pressure chamber was instantaneously made
open to the atmosphere. The pressure in the high
pressure chamber with a closed vessel decreases due
to refrigerant leakage from the test clearance, and its
time-dependent pressure drop was measured by a
semi-conductor strain gauge type pressure transducer.
Before the leakage test was started, a special attention

(b)

was pald to remove an Oi]. COlleCtﬁd in a CIOSCd Vessel Figure 1. Refﬁgerant leakage flows in scroll com-

during warming up in the refrigeration cycle; pressors: (a) cross-sectional view of scroll

otherwise the oil would have foamed, thus inducing a compressor; (b) leakage flow through axial

bad effect upon the present leakage tests. clleaxance; (c) leakage flow through radia
clearance.
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3. LEAKAGE TROUGH AXIAL CLEARANCE
Test Results  The test model for the axial clearance, shown in Figure 2a, presented the test results
for the time-dependent pressure drops due to leakage of the refrigerant R22, shown by solid lines in
Figure 3, where the initial pressure was adjusted at 7 different values from about 0.32 MPa to about
1.47 MPa. The initial pressures are listed up in Table 1, where the measured initial temperatures also
are shown. The test results shown in Figure 3a is for the test axial clearance of 10 um. Due to the
refrigerant leakage, only through the axial clearance, the high pressure chamber decreases in pressure,
approaching the atmospheric pressure of about 0.1 MPa in the low pressure chamber. When the axial
clearance is adjusted to a larger value of 20 um, as shown in Figure 3b, the pressure drops become far
rapid, compared with the data in Figure 3a. For comparison, a pressure drop curve for the axial
clearance of 10 um, one of the test data in Figure 3a, is shown by a chain line.
Stmulation of Pressure Drop Assuming an incompressibie and viscous flow for the refrigerant

leakage through the axial clearance, the loss of head between the high pressure chamber with pressure,

P, and the low pressure chamber with pressure P, can be related
with the mean leakage flow velocity, up, as shown in the
following expression:

P-Py _ 5 L up?

U,
Pg 4m 2g ’ (L
where L is the length of the axial clearance. The gravity
acceleration is represented by g. The hydraulic mean depth for
the axial clearance with a rectangular cross section, represented
by m, is given by

m=—0W__
26+ W) (2)

where 0 and W are the height and depth of the axial clearance,
respectively. The specific mass, p, in (1) can be calculated
from the following expression, assuming a polytropic change in
the high pressure chamber:

p= PO(f)PE) i ’ 3)

where pg and Py are the initial values for the specific mass and
pressure, respectively. The friction factor is represented by A in
(1), which is given by the following expression, assuming an
entire turbulent flow for the refrigerant leakage through the
rectangular axial clearance with small aspect ratio:

A =035R, 025 @
where the Reynolds number R, is defined by
R, = 4mug, |
wp &)

The viscosity coefficient is represented by p.

Given a pressure difference between P and P,, the mean
leakage velocity uy, can be computer calculated from (1), and
therewith the mass flow rate Q can be calculated as follows:

Q=pdWuy, . (6)
This mass flow rate causes a pressure drop AP for a small time
At, given by

P,
AP =20 pGo-d At ,
Gi "0 Q %
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where G is the refrigerant mass
in the high pressure chamber, 1.5¢ — Measured 1.5
calculated by the following inte- [  ----- Simulated

grafion : \ :

—— Measured

----- simulated

G= Go-[ Qdt. {8} 1.0

Go is an initial value of the
refrigerant mass. Using ex-
pressions (7) and (6), the pres-
sure drop in the high pressure
chamber, caused by the refriger-
ant leakage through the axial
clearance, can be computer

\
\. (due to leakage through axial
clearance of &, =10um)

P{) [MPa}

0.5

0.0

. L L L 1 ] St i 1 |- L : . : | I : PO | :
simulated. o 700 200, 0% 700 200,
The test clearance was [s] [s]

adjusted at 10 pm and 20 wm as (2) (b)
precise as possible, but a possi-  Figure 3. Pressure drops due to refrigerant leakage through axial clearance:
ble error of about 3 to 4 um was (a) test clearance d3 =10 um; (b) test clearance 8z =20 wm.
pot avoidable in adjusting. In
computer simulation for pres-
sure drops, thereupon, the axial
clearance & was U'ez'tted as an un- Table 1. Calculated axial clearance
known_factor and its VE!llle was J Test axial clearance Ja:l10km Test axial clearance 6a:20rm i
determmed so that a simulated Initial state | Simulated Clearance [pm] Initial state | Simulated Clearance [sm]
pressure dI'Op shows a good Pres. | Temp. | Incompres- | Compres- Pres. | Temp. | Incompres- | Compres-

. _ [MPal [°C) sive sive [¥Pa] | [*C] sive ! sive
agreement with the correspond 14 | 53.3 | 89 14.8 .52 | 56.8 6.2 | 320
ing test result. As presented in L2 | 528 | 8.9 13.8 1.32 | 56.0 | 185 . 32.0
Table 1, the calculated axial 11 49.8 8.9 13.8 1.12 | 55.2 16.5 310

0.8 | 5.6 | 9.0 13.8 0.92 | 54.8 16.7 30.0

clearances took a value from 8.7 0.7 | 52.8 | 8.9 13.6 0.73 | 52.2 | 185 2.0
pm to 9.0 um for the test clear- 0.5 | 53.6 8.7 12.8 0.55 | §5.2 17.1 27.0
ance 10 um, and from 16.2 ym 0.3 | 544 | 88 13.8 0.35 | 54.8 16.9 2.0

to 17.1 pm for the test clearance
20 um. Conclusively the calculated clearances have a good agreement with each test clearances The
simulated pressure drop curves are shown by dotted lines in Figure 3. One may conclude that the

present theoretical evaluation for the leakage flow through the axial clearance, assuming the
incompressive, viscous and turbulent flow, provide a good simulation for the test results.

- 4. LEAKAGE TROUGH RADIAL CLEARANCE :

lest Results  Test resuits for the pressure drop in the high pressure chamber, due to leakage of the
refrigerant R22 through the radial clearance in the test model shown in Figure 2b, are shown by solid
lines in Figure 4. The initial pressures are listed up in Table 2, where the measured initial temperatures
also are shown. Figure 4a is for the test radial clearance of 10 um. For comparison a pressure drop
curve due to leakage through the axial clearance of 10 um, one of the test data in Figure 3a, is shown
by a chain line: the leakage effect for the radial clearance is larger than for the axial clearance. Figure
4b is for the test radial clearance of 20 um, where for comparison a pressure drop curve for the radial
clearance of 10 um, one of the test data in Figure 4a, is shown by a chain line.

Simulation of Pressure Drop ~ The flow path between two scrolls was simulated by two circular arcs
with the radii of R(=30 mm) and r(=25 mm), in the test model shown in Figure 2b. For leakage flow
analysis, an enlarged configuration of the flow path is shown in Figure 5, where the minimum
clearance is represented by 8. This minimum clearance is hereafter termed a "radial clearance." The
height of flow path between the two circular arcs, h, can be calculated by the following expression:
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h=R-(R-r-8)cos¢ 1.5¢ ~—— Measured 1.5 ~—— Measured
_ r2-(R-£-0)2sin2¢ ©  h Simulated |  } 0 ... Simulated
where ¢ is the counter clockwise
angle from the minimum clear- 1,08
ance position. The loss of head & Y\ 1.0
between the high and low pres- % W\ (due to leakage through axial \ )
sure chambers is physically = + Clearance of &, =10un) \ (duetoleakage t:;rough radial
caused by a frictional loss dueto & clearance of 0, =10m)
the leakage flow viscosity, 0.5 0.5 N,
which can be roughly calculated * h
by integrating a small frictional AN
loss in a small flow path length, - Tt
R by d¢: I L e
p20 , 0-0 100 200, 0% 100 200,
- . Rdg &
PPy ; /\,Z—(Bzi , {10 (@) ()
<
0g | My <2 Figure 4. Pressure drops due to refrigerant leakage through radial clearance:
v . (a) test clearance &; =10 um; (b) test clearance d; =20 um.
where the hydraulic mean depth
mn, 15 given b};N’ Table 2. Calculated radial clearance
mq> = _hW__ - i1) Test radial clearance &r:10:m Test radial clearance 6r:20:m
2(h+W) { / Initial state | Simulated Clearance [mi [nitial state i Simulated Clearance [-m, .
The flow VCIOCity Uy 1s related to E’res.] ’I 'l‘ernp.T i Incompres- || Compres- Pres. | Temp. ! Incompres- | Compres-
: | (WPa [°cl sive sive [MPa} ; €1 i i :
a representative leakage flow BEAERE % L7510 153 rin
velocity up at the minimum | L26 5LE | 9 ’ 2% .27 ! 547 5.0 41
clea_rance’ assuming a continuos [ 108 | 56.5 | 9.0 25 L11 | 530 o 15.3 38
flow: e ( 0.90 | 57.3 . 8.5 ' 19 0.91 | 53.0 © 15.0 37
. 0.68 | 541 | 7.8 18 0.72 | 525 | 149 34
_d | 0.52 | 56.5 ‘ 7.5 l 18 0.53 | 52.0 140 30
U, =h ug , (i2) [ 0.33 | 57.5 | 1790 18 0.34 [ 53.0 ¢! 130 29
and the Reynolds number R, is given by the
following expression: Oc
4IH¢U.¢ ‘r N
Cowp (13) Bor-o
Therewith the friction factor A can be calculated X 0, \
from (4), assuming an entire turbulent leakage Orbiting scroll ’ >
flow. Fixed scrol do .
Given a pressure difference between P and Fixed seroll, - . ¢
P, the leakage velocity at the minimum clearance, \® X R/, \
Uy, can be computer calculated from (10) and (12), NG Us
and therewith the mass flow rate Q can be e
calculated by P==co st e o =g,
Q = pﬁWUO (14) 6=0 h Rd¢’
Subsequently, using expressions (14) and (7) the

pressure drop in the high pressure chamber, Fi
caused by the refrigerant leakage through the
radial clearance, can be computer simulated.

In computer simulation for

gure 5. Equivalent flow model for leakage flow through
radial clearance.

pressure drops, the radial clearance & was determined so that a

simulated pressure drop shows a good agreement with the corresponding test result, as presented in
Table 2. The calculated axial clearances took a value from 7.0 pm to 9.5um for the test clearance 10

um, and from 13.0
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curves are shown by dotted lines in Figure 4. One may conclude that the present theoretical evaluation
for the leakage flow through the radial clearance also, assuming the incompressive, viscous and
turbulent flow, provide a good simulation for the test results.

5. POSSIBILITY OF SIMULATION BY COMPRESSIVE AND VISCOUS THEORY
In order to examine a possibility of simu-

lation by a compressive and viscous theory, it was 1.5
assumed that the refrigerant leakage can be treated
as a Fanno flow that is an adiabatic flow with fric-
tion through a path with a constant cross-sectional
area. Similar calculations were made to determine
the axial and radial clearances, so that a simulated
pressure drop shows a good agreement with the
corresponding test result. As shown in Tables 1
and 2, the calculated clearances are all too large 05

1.5¢

Simulated
(compressive) 1.0

\
A /
‘

. Simulated
(incompres- 0.5

\.  Simulated
\, (compressive)

\\4/
.

1.0F |

Pty [MPa]

-
.

compared with the corresponding test clearances, sive) Measured
respectively. Its disagreement becomes larger, as i [ AN
the initial pressure is higher. Some examples for A | Simulated 77~

; I B Measured (incompressive)
the simulated pressure drops are shown in Figure 0.0bime w1 g oL MOTRERS
6, where the clearance was assumed to be the 0 50 two 0 100 200
same as the test clearance. The dotted curves (@) (s] (b) tis]

simulated by the incompressive theory have a
close agreement with each measured curve, but the
chain lines simulated by the compressive theory
are far different from each measured curve.

Figure 6. Pressure drop, simulated by compressive and
viscous theory: (a) due to axial clearance of 20 um; (b)
due to radial clearance of 10 um.

6. CONCLUSION
The refrigerant leakage flows in scroll compressors, through the axial and radial clearances, can
be well simulated by the most simple incompressible and viscous flow theory assuming an entire
turbulent leakage flow. A difficult treatment, such as a compressible and viscous flow simulation, is
not necessarily useful for the refrigerant leakage flows in scroll compressors.
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