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a b s t r a c t

Scroll-type compressors (STCs) are widely used in modern air conditioners for higher efficiency and
durability. However, the internal leakage, caused during un-rating operated speed, reduces the volu-
metric efficiency and influences the performance of STCs. This paper has proposed an axial-compliant
mechanism (ACM), composed of a suspension structure and a limiting ring, to solve the leakage
problem of a low side STC running in extended speeds. The aim of this ACM design is to control the
leakage by keeping optimum clearance. By integrating the verified STC performance simulation package
with the internal leakage model, the optimum clearance between scroll tip and bottom plate has been
investigated. After the numerical simulation, by employing suitable designs, an improved ACM prototype
has been developed and tested. The experimental results show that low leakage, noise, and power
consumption are achieved during compression processes even with extended operation speeds, and
moreover, the overall coefficient of performance is increased from 0.61% to 13.53%. In this study, the
proposed design is useful for enhancing the performance of low side type STCs.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The scroll-type compressor (STC) is an important component in
modern air conditioner devices because of its high efficiency, low
noise, simple mechanism, and high reliability. Further, in recent
years, researches on STCs have primarily focused on enhancing
their performance by employing new technologies. For example,
one such technologydthe variable speed control (or, inverter-fed
drive)dcan improve the efficiency and reduce energy consump-
tion [1e3] However, to construct a variable speed scroll compressor
prototype is very expensive and unrealistic. Therefore, many
researchers have employed numerical methods for STC perfor-
mance investigation. Most of these numerical methods can be
classified into two categories: “dynamic analysis of compliances”
and “thermodynamic analysis of scroll operations”. In addition to
this, the STC design theories and its geometric aspects have been
reported previously [4,5]. Further investigations, about the varia-
tions in the compressor performance when a self-adjusting
back-pressure mechanism is employed for axial compliance, have
been conducted [6]. A suction process using a dynamic model also
has been analyzed [7]. The losses resulting from friction,
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compression, and leakage have also been studied with numerical
analyses and experiments [8].

Most of these studies indicated that the friction losses were due
to the contact behavior whereas the leakage losses were a result of
the type of sealing between the orbiting and fixed scrolls. Since the
internal leakages not only decrease the cooling capacity but also
influence the balancing of inner forces, especially at extended, i.e.,
both higher and lower, operation speeds. Therefore, it is extremely
important to solve the leakage problem to ensure reliability and
energy saving.

The above studies have also suggested that the best method to
reduce internal leakage is to control the balance of internal forces of
the compressor using a compliant mechanism, and this will help to
maintain an optimal clearance between the scrollwarps. However, in
theprevious results, theyhavepointedout the compliantmechanism
is quite different in high-pressure shell (HPS) STC and low pressure
shell (LPS) STC. Both these STC types have extremely different
method for controlling the optimum scroll clearance due to the
differences in the characteristics of the pressure difference [9e11].

The previous literatures have also reported investigations about
the leakage characteristics in STCs such as, leakage mass flow rate,
leakage model, experimental investigations, and computer fluid
simulations. However, few researches have been conducted on
robust ACM designs for achieving energy savings on an LPS STC
operating at extended operation speeds.
rights reserved.
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Nomenclatures

L length of leakage path (mm)
l scroll warp thickness (mm)
M mass (kg)
p pressure (MPa)
p1 pressure at optimum rating (MPa)
p2 pressure at initial rating (MPa)
pd discharge pressure (MPa)
pi,po inner pressure (MPa); outer pressure (MPa)
ri, ro leakage path inner radius (mm); leakage path outer

radius (mm)
rm leakage path mean radius (mm)
T,t Temperature (�C); time (second)
u velocity (mm/s)
X spring deformation distance (mm)
y length of y direction (mm)

Greek letters
d scroll radial gap (mm)
mmn coefficient of dynamic viscosity (Pa s)
y kinematic viscosity (m2/s)
r density (kg/m3)
rmn mean density (kg/m3)
s shearing force (Nt)

Fig. 1. Involute leakage path.

Fig. 2. Integrated the simplified leakage path model (as circle path).
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In this paper, a simple leakage model is constructed by trans-
forming the involute leakage path into a circular path and integrated
into a previously developed STC performance simulation package
(ITRI_STC) [12]. Further, this paper have constructed a pulse-width-
modulated (PWM) inverter and scroll compressor prototype using
the proposed ACM and characterized the STC experimentally. The
energy savings will also been verified by experimental tests using our
variable speed STC prototype. The research results may help to
improve the significant performancewith extendedoperation speeds.

2. Numerical simulations of leakage effect of STC

The leakage flows have been analyzed previously with various
models [13e18]. In these studies, not only theoretical investigations
but also experimental investigations have been conducted for the
analysis of leakage parameters [13e15]. These researches demon-
strated that the radial leakage (also called tip leakage) is more
critical than the flank leakage because the leakage path is consid-
erably longer. (Fig. 1) In this study, the radial leakage problems have
been investigated. The results contributed to enhance the ACM
design performance at extended operation speeds.

2.1. Modeling radial leakage

Most of the commercially available designs (such as floating tip
seals [18]) are usually applied to reduce radial leakages and to
prevent friction losses in the STCs. However, this increases the
manufacturing costs and requires precise assembly works.
Furthermore, lower operating speed and lower pressure different
make thefloating tip seal fail. Therefore, the designswith nofloating
tip seals for compressor effectively raisingby reducing radial leakage
are using by modern scroll compressor manufactures such as
Copeland, Hitachi, Matsushita and so on. In such designs, the radial
leakage path can be considered as a circular (Fig. 2). The radial
leakage is calculated by introducing one-dimensional flat plate flow
(Fig. 3). The direct leakage path is the scroll warp thickness (can be
considered as a constant value). Although the leakage path direction
along the scroll curve changes with the orbiting angle, the typical
path can be projected as several concentric circles, and the simpli-
fied leakage path is similar to the ring-type leakage path. (Fig. 4).

We have employed the following assumptions in this leakage
model in order to simplify the numerical analysis:

(a) The leakage along the y direction is extremely low, as shown in
Fig. 3, and can be considered to be related only to the pressure,
temperature,andmeanfluiddensity,dependingonthexdirection.

P ¼ PðxÞ; T ¼ TðxÞ; rmn ¼ rmnðxÞ (1)
(b) The fluid is a mixture of refrigerant and oil, and can be regarded
as a Newtonian fluid.

s ¼ mmn
vu

(2)

vy



Fig. 3. Leakage flow simulation model.
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(c) For small clearances, the flow direction can be regarded as one-
dimensional; moreover, the velocity in the y direction is
considered to be zero.

When the clearance (d) is very small, the fluid flow direction can
be regarded as one-dimensional flow; this implies that the flow
velocity in the y direction can be considered as zero. ðv ¼ 0Þ. From
the assumptions (a) and (c), the continuity equation is
Fig. 4. Concentric circles as leakage path.
vu
vx

¼ 0 (3)

Thus, the flow velocity is a function of y as follows:

u ¼ uðyÞ (4)

The momentum equation of the leakage flow is

�vp
vx

þ mmn

 
v2u
vy2

!
¼ rmn

�
u
vu
vx

þ v
vu
vy

�
(5)

From the above conditions, equation (5) can be expressed as

v2u
vy2

¼ 1
mmn

dp
dx

(5a)

The variables p, dp/dr, and mmn are independent of y, and
equation (5a) can be integrated with respect to y under the
boundary conditions

uðy ¼ 0Þ ¼ 0
uðy ¼ dÞ ¼ 0

(6)

If the boundary conditions are substituted into equation (5a),
the velocity distribution of the leakage depends only on the clear-
ance as follows:

u ¼ � y
2mmn

ðd� yÞdp
dx

(7)

Hence, the leakage mass flow rate ðdM=dtÞ is

dM
dt

¼ L
Zd
0

rudy ¼ �1
2
Lrmn

 
d3

6mmn

dp
dx

!
(8)

The pressure gradient in the leakage channel is considered to be
a linear distribution along the x direction; it is

dp
dx

¼ pi � po
l

:

The mass flow rate of the radial leakage can be calculated by

dM
dt

¼ Lrmn

 
d3ðpi � poÞ
12mmnl

!
(9)

This equation has several explanations as follows:

(1) dM=dt ¼ NL; This shows that the shorter the sealed length,
greater the volumetric efficiency.

(2) The leakage mass is proportional to the scroll gap (d).
(3) The leakage direction is identical to the pressure difference

direction, and the mass leakage increases with the pressure
difference.

(4) Leakage decreases as the coefficient of dynamic viscosity ðmmnÞ
increases.

(5) Since the leakage direction is opposite to the velocity direction,
as the compressor speed increases, leakage decreases.

By introducing the ring leakagemodel of the rolling pistonpump
[19], the leakage model is based on several half-ring leakage paths
that are equivalent to the original involute leakage path (Fig. 4). The
scrollwarp thickness (l) is equivalent to themean radius�halfwarp
thickness ðl=2Þ, while the mean radius (rm) is L=2p (Fig. 3).

Finally, the radial leakage model in the form of polar coor-
dinates is



Fig. 5. The calculate algorithm of leakage.
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dM
dt

¼ pd3ðpi � poÞ
6yln

�
ro
ri

� (10)

In equation (10), y is an average value because it depends on the oil
mass percentage of the leakage fluid [19].
Table 1
STC Parameters and experiment operating conditions.

Parameters of the LPS STC

Parameters Value

Radius of the basic circle of the scroll(a)(mm) 2.062
Thickness of the scroll(t)(mm) 2.65
Involutes angle of the scroll(4i)(degree) 1150
scroll pitch(Tp)(mm) 12.956
scroll wrap height(hs)(mm) 25.2

Experiment operating conditions

Environment conditions Value

Condensing temperature(�C) 54.4
Evaporator temperature(�C) 7.2
Superheat(K) 10
Subcool(K) 8.3
Expansion valve temperature(�C) 46.1
Refrigerant R22

STC operation speed

Condition Frequency
setting(Hz)

Actual
revolution(rpm)

A 40 2261
B 50 2871
C 60 3454
D 70 4033
E 80 4612
2.2. Theoretical performance simulations of clearance influence

In order to investigate the effects of radial leakages on the LSP STC,
we have performed simulations of certain case studies using a simula-
tion package [12] combined with REFPROP 8 [20] and the Cþþ
programming language. Fig. 5 presents the calculation algorithm.
Table 2
Compressor prototype and STC performance measurement specification.

Compressor prototype specification

Compressor characteristics

Theoretical swept volume @ 60 Hz 7.5762 m3/h
Nominal speed 3450 rpm
Maximum operating current 19.2 A

Usual operating range

Supply temperature: 18e25 �C
Exhaust temperature 80e120 �C
Supply pressure 0.3e0.7 MPa
Refrigerant mass flow rate 87e290 kg/h
Electrical power 0.8e3.7 kW

STC performance measurement specification

Refrigerant R22
Range of cooling capacity 1.5 kWe15 kW
Test standard- Capacity, COP and

volumetric efficiency determination
ASHRAE 23 and ISO 917

Parameter Range Stability

Discharge pressure(MPa) 0.62e3.2 �0.01
Suction pressure(MPa) 0.12e0.96 �0.015
Inlet temperature(�C) 15e52 �0.1
Suction temperature(�C) �25e38 �0.1
Ambient temperature(�C) 32 �2
Compressor speed(rpm) 1200e7200 � 0.25%



Fig. 6. The calculate result: (A) COP value vs. Leakage clearance; (B) COP value vs. Leakage clearance;(C) Refrigerant flow rate vs. Leakage clearance; (D) Cooling Capacity vs. Leakage
clearance.
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The following three main definitions of efficiency are employed
for evaluating the STC performance:

(a) Coefficient of performance (COP)dthe energy proportional to
the cooling capacity and compressor electric power
consumption;

(b) Volumetric efficiency of leakage gas mass lossdthe percentage
ratio of actual mass flow rate (i.e. dischargemass flow rate with
leakage) to the theoretical discharge mass flow rate;
Fig. 7. Scroll compresso
(c) Isentropic compression efficiencydthe ratios of the ideal
isentropic compression work to the actual compression work
(i.e. motor electric power consumption).

In this study, the main scroll geometric parameters of the LPS
STC are listed in Table 1, and the compressor’s operating conditions
are also listed in Table 1. In order to eliminate the flank leakage
influence, the flank clearance was set to be zero during the
numerical calculations. Fig. 6 shows the simulation results; here,
r prototype profile.



Fig. 8. Diagrammatic sketch of fixed scroll tilting motion and forces.
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the scroll clearance (d) was varied from 0 to 21 mm while the
compressor operation frequency were varied from 40 Hz to 80 Hz.

Fig. 6 (A) shows that the COP decreases as the clearance increases,
while Fig. 6 (B) shows a similar decrease for the volumetric efficiency
of the refrigerant mass loss decreases. Fig. 6(C) and (D) show the
refrigerant flow rate and cooling capacity, respectively. From
acomparisonof theseresults, the radial clearance shouldbecontrolled
within 6 mminorder tomaintain a highperformance of the STC. These
results also help to promote better ACM designs and performances.
3. Axial-compliant mechanism (ACM) design

A cross-sectional diagram of the designed LPS STC is shown in
Fig. 7. A scroll pump sucks the suction gas, compresses it, and then
Fig. 9. Force resultant: (a) Forces diagram under variable operation pressure different
@ rating (b) Forces balance diagram.

Fig. 10. The suspension compliant mechanism concept: (a) The diagrammatic sketch
of the suspension compliant mechanism. (b) The exploded view of the suspension
compliant mechanism.
discharges it at high-pressure to the plenum (high side); the exhaust
is then emitted out of the discharge port. During the compression
process, the orbiting scroll continues to move with a wobble due to
the inner unbalanced forces and tilting moments; moreover, the
reaction forces andmomentsmake thefixed scroll towobble aswell.
Therefore, in order to avoid the occurrence of clearances due to the
wobble phenomenon, in this study, the fixed scroll was pressed by
Table 3
Separate forces of fixed scroll at variable compressor operation conditions (For back-
pressure mechanism design I).

Condenser
temperature
（�C）

gas force in
scroll chambers
（N）

force of the low
pressure area
（N）

Scroll separating
force
（N）

45.0 5571.61 2702.22 2869.39
50.0 5618.82 2702.22 2916.60
54.4 5711.98 2702.22 3009.76
60.0 5892.62 2702.22 3189.80
65.0 6236.24 2702.22 3534.02
70.0 6634.59 2702.22 3932.37

(1) Evaporator temperature @ 7.2 �C.
(2) Superheat is10 K and subcool is 8.3 K.
(3) All values are calculated by ITRI STC simulation package.



Table 4
Back-pressure mechanism forces simulation results. (For back-pressure mechanism
design II).

Condition Condenser
temperature
（�C）

High-
pressure
（MPa）

Low
pressure
（MPa）

Pressure
difference
（MPa）

Pin
force
(N)

Boss
force
(N)

a 45.00 1.729 0.625 1.104 368.43 1657.72
b 50.00 1.943 0.625 1.318 440.35 1981.34
c 54.40 2.146 0.625 1.521 509.33 2291.81
d 60.00 2.428 0.625 1.803 589.87 2654.07
e 65.00 2.701 0.625 2.076 699.96 3149.41
f 70.00 2.997 0.625 2.372 803.98 3617.38

(1) Low pressure is the saturation pressure of the evaporator temperature @7.2 �C.
(2) All pressures on the table are “absolute pressure”.
(3) All values are calculated by NIST REFPROP 8.0.
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a back-pressuremechanism to trace the orbiting scroll in the vertical
direction and the orbiting scroll was enforced (by the compressed
gas pressure) to keep the orbiting scroll base plate close to the
surface of the trust bearing. However, the tangential gas forcesmake
the fixed scroll to be wobbled (Fig. 8).

In the following sub-sections, the back-pressuremechanism and
suspension ACM designs for limiting the scroll wobble and
controlling the radial clearance near the optimum value (within
6 mm) are described.
Fig. 11. Test rig scheme & experiment setup: (a) Measureme
3.1. Back-pressure mechanism design

When considering the behavior of LPS STCs during variable
speed operations, the most important factor is the variations in the
pressure difference between high side and low side in the STC. This
causes significant back-pressure changes during the compressor
operation and leads to the following two shortcomings:

(1) When the compressor operates at low condensation tempera-
turesorat lowpressuredifferences, theback-pressuredecreases
leading to poor sealing between the two scrolls and hence
leakage. Moreover, in serious situations, due to the leakage, the
compressor cannot build up the pressure difference.

(2) The previous scenario reverses when the compressor operates
at high condensation temperatures or at high-pressure differ-
ences. Excessive back-pressure increases the contact at the two
scrolls and makes more friction loss on the interface of the
orbiting scroll base plate to the thrust bearing. This will dras-
tically increase the compressor power consumption.

The self-adjusting robust back-pressure mechanism design is as
shown in Fig. 9 (a), the curve A represents the net force that can
push and separate the two scrolls (this force is called the scroll
separation force, and only its maximumvalue is considered.). Curve
nt scheme (b) Prototype for variable speed experiment.



Fig. 12. Experiment results: (a) Power consumption vs. Operation speed (b) COP vs.
Operation speed.
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B represents the sum of the back-pressure force and three pressure-
pin forces due to the discharge pressure, as shown in Fig. 9 (b).
However, curve B can only satisfy the back-pressure during the
rating operations. When the STC is operating at un-rating speeds,
the pressure difference either decreases or increases, while the
back-pressure correspondingly decreases or increases, respectively.
Further, at low back-pressures, the leakage loss increases, whereas,
at high back-pressures, the friction loss increases.

For providing an optimum back-pressure, the back-pressure
force and three pressure-pin forces should have a self-adjusting
mechanism. (Fig. 9 (b)) Therefore, the optimum back-pressure
distribution curve should be curves C1 and curve C2 that provide
a suitable and sufficient back-pressure during any operation
conditions. (The curve C1 is construction with the back-pressure
force and three pressure-pin forces and disk spring forces. The
curve C2 is construction only with the back-pressure force and
three pressure-pin forces.) The designing points at P1 and P2 can be
used to determine the pushing forces F1 and F2, respectively.
Further, using the relationship between force and pressure, the
back-pressure areas can be determined by the calculations.

3.2. Suspension ACM design

In this study, an ACM design has been developed to fine-tune
the axial motion of the fixed scroll. Fig. 10 shows the suspension
ACM; Fig. 10 (a) is the cross-section while Fig. 10 (b) is a magnified
explosion view. The design process of the elastic element (two
crescent leaf springs) has been verified in detail by Tang et al. [21];
in their study, a design process was formulated to determine the
design parameters of the elastic element, and it was verified
experimentally. Their results only demonstrate that the ACM can
assist the compressor during operations at lower operation speeds
from 50 Hz to 34 Hz under the rating conditions. Tables 3 and 4
show the calculation results of the inner forces for designing the
back-pressure and suspension ACMs, respectively.

The tilting motion of the fixed scroll due to the tangential gas
forces acted at half the height of the fixed scroll warp (Fig. 8). As
shown in Fig. 9 (b), the limiting parts provided an anti-moment to
overcome the tilting moment, which led to a decrease in the
contact noise and leakage caused by the tilting.

In this paper, the ACM prototype has been constructed with the
above mechanisms.

4. Experimental setup

In order to verify the compliance prototype, the developed STC
was tested using a custom-built PWM inverter placed in
a compressor test load stand. As shown in Fig. 11, the test load stand
consists of three major parts: a control system, an arrangement of
water cooling/heating refrigeration system to maintain fixed
suction and charge conditions, and a testing chamber to maintain
a constant environment temperature.

The test bench is operated using a classical refrigeration cycle
with three main components: a water-heated evaporator,
a water-cooled condenser, and an electronic expansion valve. An oil
separator system was constructed to ensure the accuracy of the
refrigerant mass flow meter.

The STC performance was measured under ASHRAE-T condi-
tions [22] by varying the operation speed from 40 Hz to 80 Hz
(Table 1). A control system was used to maintain the specified
suction pressure and temperature. The cooling capacity was
determined by the refrigerant mass flow rate, compressor speed,
and the gas density of the suction refrigerant.

In the study case, the condenser and evaporator temperatures
were maintained constant by automatically adjusting the inlet/
outlet water flow rate in the heat exchangers using a proportional-
integral-derivative (PID) controller. The uncertainty in the refrig-
erant flow rate is estimated to �1% of the measured value.

The specifications of the load stand and STC prototype (test
sample) are listed in Table 2. The controlled operation conditions
and test method (test standard) are also listed in Table 2. The tested
compressor is a semi-hermetic STC with the developed PWM
inverter as the driver (Fig. 11 (b)). The compressor speed is regu-
lated by this inverter, and the inverter output is the adjusted
magnitude and frequency.

In order to verify the thermal balances of each component and the
overall system, the pressures, temperatures, electrical powers, and
flow rates were measured at the main locations of the test bench.

The test results are the power consumption, refrigerant flow
rate, isentropic efficiency, and COP.
5. Results and discussion

5.1. Results of variable speed tests

This section discusses the tested performance of the developed
STC with and without the ACM. The test conditions are listed in
Table 1. The compressor operation frequency was set from 40 Hz to
80 Hz; the measured actual revolutions are also shown in Table 1.

Conditions A w E show the increase in operation speeds from
2261 rpm to 4612 rpm Fig. 12 (a) shows the test results of the
compressor power consumption for the compressors with and
without ACM. The power consumptionwas improved from 0.44% to
5.06%. Under the rating conditions (condition C), the compressor
power consumption was approximately identical for both with and
without ACM. Fig. 12 (b) shows that the overall COP increased from
0.61% to 13.5%. Under the rating condition (condition C), the
compressor COP values were also nearly identical.

In Fig. 13, the growth rate of the noise level is not linear, and the
point of condition D is a dividing point. However, the tests show



Fig. 13. Noise vs. Operation speed.
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that the noise level was improved from 0.7 db to 1.4 db; further, the
maximum noise level also improved (with and without ACM) by
approximately 3%.
5.2. Discussion

Fig.12 (a) and (b) imply that the ACM design can not only reduce
the leakage loss (another say is increasing the cooling capacity) but
also the frictional loss. Furthermore, from the slightly increasing
trend, the rating condition can be considered suitable as a design
base. The ACM function operates extremely well for clearance
control and maintenance of high volumetric efficiency. The power
consumption decreased from 0.44% to 5.06% but the overall COP
increased from 0.61% to 13.53%. However, the cooling capacity
increased from 0.91% to 7.79%.

The stiffness effect of the elastic element increases the ability to
maintain the position of the fixed scroll while decreasing the tilting
moment; further, the limiting ring maintains the position of the
fixed scroll and reduces the degree of freedom of the scroll motion
in the axial (vertical) direction.

In this manner, the ring limits the fixed scroll and makes it to
move only along the axial direction. This reduces the contact
opportunity and lowers the compressor noise lever. The ACM also
reduces the high-frequency operation noise when the operating
point is greater than that given under condition D. This is probably
a result of mechanical structural improvements.
6. Conclusions

In this study, a suspension ACM with a limiting ring and two
elastic elements (two crescent leaf springs) has been proposed for
improving the STC performance. For the theoretical simulations of
the leakage effect, a simplified leakage model was introduced in
a numerical simulation package to improve the calculation time.
The radial leakage could be precisely controlled within a preferred
clearance distance. The performance test results of our STC proto-
type with the ACM design demonstrated that the proposed
mechanism improves the COP at both higher and lower operation
speeds. The conclusions are summarized as follows:

(1) Radial clearance (tip clearance) influences the leakage of scroll
tips. Our simulation results show that the clearance should be
less than 6 mm; this will ensure that the volume efficiency does
not decrease with various operation speeds.

(2) The suspension ACM functions well at operation speeds from
4612 rpm (condition E) to 2261 rpm (condition A). The test
results show the overall COP increases from 0.61% to 13.53%;
moreover, these COP values were maintained about 3 even at
higher and lower operation speeds due to the effective control
of the radial clearance. Further, the power consumption was
improved with the ACM design.

(3) The fixed ring structure constrained the fixed scroll and limited
it to only axial direction movements. On the other hand, the
back-pressure acting on the fixed scroll transferred its forces to
frame via springs and caused a sufficient downward sealing
force, leading to COP enhancement.

(4) Finally, the limiting ring prevented the scrolls from crashing,
which led to reductions in the operating noise at extended
operation speeds.

The effect of the ACM mechanism is based on the pressure
difference between the suction pressure and discharge pressure.
However, different refrigerants have different operating pressure
differences. In this study, R22 refrigerant can be treated as the
design base for other refrigerant applications. The future study may
focus on R744 refrigerant for the much higher pressure difference.

In this manner, our ACM mechanism design improves the LPS
STC performance at extended operation speeds.
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