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ABSTRACT

A variable-speed scroll-type compressor (STC) with brushless DC convertor motor has
become the mainstream of the technological development because of the requirements for
energy-saving and environmental protection in modern high-efficiency inverter refrigeration and
air conditioning systems. To overcome the problem of the volume compression efficiency change
by the inverter capacity adjusting, the primary key to the solution is to solve the internal leakage
problem of the variable-speed compression pump.

In this study, the axial-compliance mechanism (ACM), which is composed of a
backpressure regulating mechanism acting on the fixed scroll back and a suspension mechanism
controlling the scroll clearance, was studied. The use of the ACM enables dynamical adjustments,
which allow the scroll clearance to be maintained at a fixed optimal value in order to reduce the
varying of volume compression efficiency by the internal leakage in the scroll compression
chambers and the high volumetric efficiency can thus be maintained while the system load
changed.

Several critical techniques for accomplishing a high-performance, variable-speed

low-pressure-side (LPS) STC with an ACM have been developed and investigated. First, the
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mathematical model of axial leakage value was constructed, and the advantages of this model
were confirmed by numerical simulations and experimental validations with the developed ACM
in an R22 LPS STC prototype. The experimental results showed that if the compliance
mechanism is designed appropriately, the compressor can achieve a high volumetric efficiency,
irrespective of the operating speed conditions. Because of the ACM, the speed range of the
variable-speed scroll compressor can be extended and the efficiency can be improved by
4.7-13.5%. In addition, from the experimental observations, a fact was discovered that the ACM
can also reduce the noise between the colliding components of the LPS STC.

Finally, for the understanding and verification of the proposed ACM design method could
be extended its application to different refrigerant STCs. Case studies of a R410A and a R744
(COy) applications in the LPS STC prototypes was formulated in this study. Furthermore, the
application of the finite element method was introduced for the ACM mechanism design changes.
From the experiment results, the proposed ACM design methods can successfully applications in

these different refrigerant STCs.

Keywords: Inverter air conditioner, Scroll type compressor, Leakage, Axial-compliance

mechanism, axial clearance
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NOMENCLATURE

A cross-sectional area of the check valve, mm?
Ay discharge chamber area, mm?

An middle chamber area, mm?

A suction chamber area, mm?

B scroll height, mm

CR system pressure ratio

DI inner diameter of pipe, m

D cylinder diameter, mm

f friction factor

F backpressure gas force, N

Fboss gas force on boss, N

Foq solid (body) force, N

Faisk disk spring force, N

Fq axial gas force, N
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F, tangential gas force, N

Fod net forces resulting from pressure difference, N
Foin gas force on pin, N

Fspring leaf spring force, N

F tangential force, N

Fix contact force, N

F_chamber chamber gas force, N
F_lower lower (suction) gas force, N
F_backpressure backpressure gas force, N
g acceleration due to gravity, m/s2
hf head loss, m

lo moment of crankshaft, N-m

K spring stiffness

I scroll wrap thickness, mm

L sealing line length, mm

LI length of pipe, m

Ly orbiting bias, mm
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Transfer matrix
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pressure, MPa

saturated condenser pressure, MPa
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involute basic circle radius, mm
base circle radius, mm

mean radius, mm

crankshaft radius, mm

crankpin radius, mm
scroll wrap function
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fixed-scroll wrap function
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compressor pressure ratio

point of tooling edge
inner scroll profile
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Vi

Vs

v

X
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outer orbiting scroll profile
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temperature, C
scroll thickness, mm
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suction temperature, C
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pressure valve temperature, C
fixed scroll velocity, m/s
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involute x coordinate
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mean dynamic viscosity, Pa - s
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J angle between the modified straight line and the x axis

9 constant

Aq axial empirical friction factor
A radial empirical friction factor
AP pressure difference, MPa

K specific heat ratio
Subscripts

axial axial direction

ar argument

b base circle

c center position

dis discharge

e end-side

fi i inner involute of fixed scroll
fi_ o outer involute of fixed scroll
g gas

le end-side leakage

If flank leakage
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CHAPTER 1 INTRODUCTION
1.1 Background

A scroll-type compressor (STC) (Fig. 1.1) is a kind of positive displacement compressor
that is capable of both intake and exhaust in one compression cycle and has high efficiency, low
noise, and few components. The concept for STC was derived from the U.S. Patent (Rotary
Engine) granted to L. Creux in 1905 [1]. However, the name “scroll compressor” (or involute)
was not used until the announcement of the U.S. Patent (Scroll Pump) by J. L. Jones in 1958 [2].
The STC has been extensively developed since the 1980s because of the great improvement in
computerized numerical control milling. Further, it has been widely used by Hitachi since 1983

in small air conditioners.

The STC pump has two main components: a fixed scroll and an orbiting scroll. Each scroll
has a circular base plate and an involute (spiral) profile protrusion extended from the plate
surface. The involute wall has often been called a “scroll”. Fig. 1.2 shows the compression cycle
of the STC. The scroll pair compresses the gas from the suction port into the chambers and
pushes it progressively toward the center, gradually decreasing the volume of the gas until it
reaches the discharger step. In this step, the gas is exhausted through the discharge port of the
fixed scroll and then out of the STC to the condenser. Usually, after three rounds in the
compression circle, the STC begins its simultaneous compression and discharge movements in
several continuous symmetrical chambers. Therefore, the STC is operated with a low torque
variation, low noise, and low vibration. Because of the absence of suction or discharge valves in
the STC, the gas pulsation and flow losses can be reduced; this results in a smooth flow pattern,
which indicates that the STC can start and restart easily. In addition, low flow losses result in a

high volumetric efficiency, smooth operation, and high reliability.

Today, with the strengthening of effects of global warming and increase in awareness about
energy conservation, attention worldwide has been focused on developing highly efficient
compressors that consume low power. Therefore, in recent years, variable-speed STCs
demonstrating optimum efficiency under different operating conditions have been studied. The
operating conditions can be indicated and defined as the ratio of the saturated condenser pressure

to the saturated evaporator pressure (Pcond/Peva) @and can thus be determined for ambient operating



conditions. Further, the pressure ratio comes from the air-conditioner (or refrigerator) system

phenomenon, and this influences the inner pressure difference (Py/Ps) in the STC.

In general, the inner pressure difference arises from the compressor pressure ratio
(volumetric ratio) has been fixed, as the geometrical parameters of the STC are set beforehand.
The intrinsic limitation of the fixed volumetric ratio and the mismatch between the pressure and
volumetric ratios of the STC cause over-compression or under-compression. Interestingly, inner
leakage also causes a mismatch between the pressure and volume ratios. Thus, repetitive

compression occurs and extra power is consumed.

Nevertheless, repetitive compression can be reduced by using a compliance mechanism
incorporated in the fixed scroll to reduce inner leakage. However, tip leakage is a more serious
problem than flank leakage [3]. Application of the axial-compliance mechanism (ACM) can
decrease the inner leakage to match the varying operating conditions. Therefore, using the ACM,

we can design and produce an STC having superior efficiency.

1.2 Motivation and objectives

For the energy-saving and environmental protection in modern high-efficiency inverter
refrigeration and air conditioning systems, it is very important to improve the power

consumption efficiency of the compressors.

In this study, the improvement of the STC’s performance is by introducing a new
leakage-controlled mechanism, so called axial-compliance mechanism (ACM), to solve the
internal leakage problem. However, the ACM mechanism design concept is come from patent
research. For the understanding of the leakage mass flow rate is determined by the scroll profile,
scroll constructions, scroll clearance size and operating conditions of the compressor. This study
constructs a simple leakage model (transform the involute leakage path to a circular path) and
integrates it into the developed STC-performance simulation package. From the numerically
calculate using the STC package, the objective is to find out the best axial scroll clearance for

design the optimum ACM and figure out the novel ACM design method.

Then the objective is to verify the proposed novel ACM which can maintain the best
2



clearance in an inverter driven variable-speed STC prototype. From the results of the
experiments, the newly developed axial-compliance design should cause a considerable
improvement in performance at both low and high operating speeds. Finally, the proposed ACM
should be verified that it can apply in different refrigerant application with suitable design

change.

1.3 Axial-compliance sealing methods

As the inner leakage can be minimized by several sealing mechanisms, it is important to
solve the pressure-difference problem caused by the scroll pump for improving the sealing
mechanism. This study has categorized the axial-sealing mechanisms for driving pressure
difference into sealing forces. By reviewing over a thousand U.S. patents, we categorized the

axial-sealing mechanisms of the scroll machines into four types:

(1) Tip sealing means on scroll wraps,
(2) Applying backpressure gas force to the back surface of the orbiting scroll,
(3) Applying backpressure gas force to the back surface of the fixed scroll,

(4) Using pressure members at the back of the fixed or orbiting scroll (or both),

(1) Tip sealing parts on scroll wraps

This kind of sealing method uses axial compliance with sealing parts to provide STC
sealing. These parts comprise seal elements associated with the involute wraps, and the axial
force forms a sealing contact with the end plates of the opposing scroll. The axial force may
be applied pneumatically or mechanically. The axial contact resulting from the axial force is
used to maintain the integrity of the radial sealing within the apparatus. The use of the axial
compliance sealing allows the established contact between the end plates of the opposing
scroll. The radial seal is machined to conventional accuracy and provides automatic

compensation for temperature differentials and for any uneven wear of the scrolls.



(2) Applying backpressure gas force to the back surface of the orbiting scroll

This kind of sealing method uses an intermediate-pressure-level gas drawn from the
operating scroll pump chambers during compression. This gas force is applied to the entire
area of the back of the orbiting scroll to force the orbiting scroll tightly against the fixed

scroll for providing an axial seal to the pair of scrolls.

(3) Applying backpressure gas force to the back surface of the fixed scroll

This kind of sealing method is used to enhance the axial sealing for a scroll machine,
including a multi-function floating seal, for isolating the axial biasing fluid from the
working fluid under pressure; further, this method provides vacuum protection and

maintains a high pressure ratio.

(4) Using pressure members at the back of the fixed or orbiting scroll (or both)

This kind of sealing method involves the use of a frame member having a thrust surface
adjacent to the back surface of the orbiting scroll. A non-sealing stabilizer ring is disposed
between the frame member and the orbiting scroll to eliminate the wobbles resulting from
small perturbations. A stabilizer ring is mechanically or positively spring-loaded by a wave

spring to axial force the orbiting scroll toward the fixed scroll.

Fig. 1.7 shows the gas—pressure distribution. The axial pressures cause the scrolls to

separate. The tangential forces (FH & I:m) result in an overturning moment and cause the scrolls

to wobble. Both of these behaviors result in leakage. The above sealing methods are used to

solve the leakage problem using the four basic mechanisms.

Appendix A listed the Details of patents on the research and analysis of axial sealing.



1.4 Variable-speed STC

The STC was designed for operation at a constant speed by using a single-phase or
multiphase induction motor for traditional refrigeration applications. This implies that the STC
was suitable only for a specified operating condition or for thermal loading (cooling or heating
capacity) with its best performance. If the STC was operated out of the specified condition, the
performance decreased. In other words, the STC operating under one condition has high
performance, but deviation from this specific operating condition results in various types of

thermal loading owing to varied environmental temperatures.

Hence, in the traditional refrigeration applications, the STC switching on/off to match the
different types of thermal loading once the environmental temperature changed. However, these
switching actions caused unnecessary power consumption with loud noise and large vibrations in
the pipes and the frame of the STC. Therefore, the STC did not have high efficiency when the
operating speed increasing beyond the specific design point. The best approach for correcting the
problem of on/off control of the constant-speed STC is to match the capacity of the air
conditioner to the variation in thermal load. According to past research, the best solution is to use

a variable-speed compressor for providing variable cooling capacity [4].

An inverter-fed controller for providing much cooling capacity to the varying thermal load
drives the variable-speed compressor, which uses a variable-speed motor. In addition, the
variable-speed compressor can replace a series of traditional constant-speed compressors.
However, in order to enable variable-speed operation, balancing the inner forces and moments is
essential. The best candidate for the variable-speed air conditioning system would be the STC
wherein the chambers are compressed and discharged simultaneously at any speed and the
characteristics of loading condition results in low-level vibration and small change in torque [5].
Therefore, the fluctuation in speed and the extent of mechanical vibration in the STC are
considerably lower than those in the other types are. Because of the developed variable-speed
STC, in this study, we implement an equivalent STC with an ACM to match the required
performance under the extended operating conditions. Meanwhile, the performances of the

developed STC with and without the ACM are compared.



1.5 Different sealing in low-side and high-side STCs

Two major configurations with different types of gas distribution housing are used in STCs:
low (-pressure)-side (LPS) type and high (-pressure)-side (HPS) type. In the low-side type, the
motor and the scroll set are located on the suction pressure side. The suction gas passes through
the housing into the chamber around the compressor’s mechanism and motor. On the other hand,
in the high-side type, the housing is filled with discharge pressure and the inlet is directly

connected to the suction cavity.

Fig. 1.8 shows the schematics of these two types of STCs. The selection of shell
configuration is a key determinant in STC design. The design configurations, forces generated by
the scroll set during compression, leakage models, sealing mechanisms, oil lubricating flow
designs, temperature distributions, noise controlling strategies, etc., are different for both types
of STCs.

In 1992, Richardson and Gatecliff [6] presented the design requirements of the high-side
and low-side types of the STC in detail. Further, they showed that the high-side configuration
has several advantages, such as minimal suction gas heating and discharge pressure pulses, a
simple axial and radial compliance mechanism, and a simple flow path for the lubricant.
However, the drawback of this configuration is that the motor overheats easily under a high
compression ratio and the STC has a low operating efficiency because of operation at a high
discharge temperature and high oil circulation, which are not mentioned in the paper presented
by Richardson and Gatecliff.

From an analysis of the launched commercial small STC products, we found that almost all
the STCs that achieved high efficiency were developed with a high-side configuration. However,
we believe the low-side STC could achieve high efficiency as high-side STCs are. For improving
the low-side pressure type STC’s efficiency, the leakage problem needed to be solve first.
Therefore, we adopted the STC developed by Chang et al. [7], which uses a low-side STC

configuration, to be an original STC model.



1.6 Structure of dissertation

The contents of this dissertation are described below:

Chapter 1 briefly introduced the operation of the STC, the ACM for scroll sealing, and
variable speed STC. The motivation and objectives also discussed in this chapter.

Chapter 2 presented the investigation of the leakage mechanism and the effect by the
numerical analysis. In this chapter, a mathematical model was constructed and integrated into the
developed STC package. The numerical simulation results of the leakage effect for different STC
operation speeds also described in this chapter, which discussed in terms of energy conservation
and performance improvement. These results will be verified by conducting experiments with
one test platform constructed for an R22 LPS STC prototype with/without ACM mechanism in
Chapter 4.

In chapter 3, the complete structure design of the ACM was presented. First, several
important literatures were reviewed, and mathematical models depicting the geometry,
thermodynamics, and dynamics of the mechanism, which are built on the basis of these
literatures, were described. Case studies on designing the ACM module of STC products were
introduced in section 3.3~3.5, which also presents numerical simulations and experimental
studies. The results presented in chapter 4 show energy conservation and an improvement in the

performance of the R22 LPS STC prototype at the extended operating speeds.

In order to understand how the thermo-physical characteristics of the refrigerant influence
the ACM design, a study on the thermo-physical characteristics of the refrigerant comparison is
discussed in Chapter 5 before presenting case studies of the R410A and R744 (COy) LPS STCs
with ACM for air conditioning and refrigeration application. The scroll clearance for R744 LPS
STC ACM design in our research is different from that in the studies presented in chapter 4.

However, the pressure difference is the main issue in refrigeration application.

Finally, the important conclusions are summarized and future works are discussed in
Chapter 6.
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CHAPTER 2 STUDY ON LEAKAGE EFFECT IN

LOW-PRESSURE-SIDE STC
2.1 Literature review

The STC is an important component of modern air conditioners because of its high
efficiency, low noise, simple mechanism, and high reliability. Further, in recent years, studies on
STCs have primarily focused on enhancing their performance by employing new technologies.
For example, one such technology—the variable-speed control (or inverter-fed drive)—can
improve efficiency and reduce energy consumption [8~10]. However, the construction of a
variable-speed STC prototype is very expensive and impractical. Therefore, many researchers

have employed numerical methods for investigating the performance of STCs.

Most of these numerical methods can be classified into two categories: “dynamic analysis
of compliances” and “thermodynamic analysis of scroll operations.” The design theories of STCs
and their geometric aspects have been reported previously [11] [12]. Further, investigations on
the variations in the compressor performance when a self-adjusting backpressure mechanism is
employed for axial compliance have been conducted [13]. A suction process using a dynamic
model also has been analyzed [14]. The losses resulting from friction, compression, and leakage

have also been studied via numerical analyses and experiments [15].

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. This is because the internal leakages not only decrease the cooling capacity but also
influence the balance of inner forces, particularly at extended (both higher and lower) operating
speeds. Therefore, it is extremely important to resolve the leakage problem for ensuring high

reliability and energy conservation.

The abovementioned studies have also suggested that the best method for reducing internal
leakage is to control the balance of internal forces of the compressor by using a compliance
mechanism, which helps to maintain an optimal clearance between the scroll wraps. However, in
the previous studies, the authors have suggested that the compliance mechanism is quite different
in high-pressure shell (HPS) STC and low-pressure shell (LPS) STC. Both these STC types have

significantly different methods for controlling the optimum scroll clearance because of the
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differences in the characteristics of the pressure difference [16~18].

The previous literatures have also reported investigations on the leakage characteristics in
STCs, such as leakage mass flow rate, leakage model, experimental investigations, and
computational fluid simulations. However, few studies have been conducted on robust ACM
designs for achieving energy conservation in an LPS STC operating at extended operating

speeds.

In this study, a simple leakage model is constructed by transforming the involute leakage
path into a half-circular path and is integrated into a previously developed STC-performance
simulation package (ITRI_STC) [19]. Further, use this package with the parameters of a R22
STC model to simulate the inner leakage of the LPS STC via varying the clearance of scrolls.
These numerical studies show an optimum clearance value for maintaining good cooling
performance and high volumetric efficiency. The research results will possibly help in designing

an ACM for improving the performance of STCs.

2.2 Numerical simulations of inner leakage effect

Leakage flows have been analyzed previously using various models [20~25]. In these
studies, both theoretical and experimental investigations have been conducted for the analysis of
leakage parameters [20~22]. These researches demonstrated that radial leakage (also called tip
leakage) is more critical than flank leakage because the path of radial leakage is considerably
longer than that of flank leakage (Figs. 2.1 and 2.2). In this study, the radial leakage problems
are investigated. The results contribute to the enhancement of the effectiveness of the ACM

design at extended operating speeds.

2.3 Mathematical model of radial leakage

Usually, most of the commercially available sealing part designs (such as floating tip seals
[25]) are applied to reduce radial leakages and to prevent friction losses in the STCs. However, the

use of seals in STCs increases manufacturing costs and requires precise assembly. Furthermore,
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low operating speed and low pressure differences cause the floating tip seal to fail. Therefore,
compressor designs without floating tip seals, which have low radial leakage, are being used by
manufacturers such as Copeland, Hitachi, and Matsushita. In such designs, the radial leakage path

can be considered as a circular path (Fig. 2.3).

The radial leakage is calculated by introducing a leakage flow on a one-dimensional flat plate
[26] (Fig. 2.4). The direct leakage path is the scroll wrap thickness (can be considered as a
constant value). Although the direction of the leakage path along the scroll curve changes with the
orbiting angle, the typical path can be projected as several concentric circles, and the simplified

leakage path is similar to the ring-type leakage path (Fig. 2.5).

We employed the following assumptions in this leakage model in order to simplify the
numerical analysis:
(@) The leakage along the y direction is extremely small, as shown in Fig. 2.4, and can be
considered to be related only to the pressure, temperature, and mean fluid density, along
the x direction.

P =P(X);T =T(X); Py = P (X)
(2-1)

(b) The fluid is a mixture of a refrigerant and oil and can be considered a Newtonian fluid.

£ty 2 (2-2)
oy

(c) For small clearances, the flow direction can be considered one-dimensional; moreover,

the velocity in the y direction is considered to be zero.

For the clearance, () is very small; the fluid flow direction can be considered
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one-dimensional, which implies that the flow velocity in the y direction can be considered to be

zero. (V=0),

— +—=0 (2-3)

From assumptions (a) and (c), we can express the continuity equation as follows:

ou

= -0 (2-4)

Thus, the flow velocity is a function of the y direction:
u=u(y)

The momentum equation of the leakage flow is as follows:

op o°u ou - au
Ny | =T 2-5
5“(52)p(ax 5) (2-5)
From equations (2-1)—(2-5), we find that

du_1dp

O fhy X (&-52)

The variables p, dp/dx, and pum, are independent of y. Equation (2-5a) can be integrated with
respect to y with the following boundary conditions:

u(y=0)=0 (2-6)
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u(ly=0)=0

If the boundary conditions are substituted into equation (2-5a), the velocity distribution of the

leakage depends only on the clearance, as follows:

y dp

u=——""-—(@0-Yy)— -

2ﬂmn( y)dX (2-7)
M,
Hence, the leakage mass flow rate = dt * js
dMm 5 1 5° dp

—=L| pudy =—=L - -

o - LhAss LT (28)

The distribution of the pressure in the leakage channel is considered linear as follows:

d_p po_pi

dx |

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

dm 5 (P = Py)
RS | i 0
gt~ P

(2-9)
This equation has several explanations:

@D dd_l\:l oc L; this shows that shorter the sealed length, the greater is the volumetric efficiency.

(2) The leakage mass is proportional to the scroll gap (d).
(3) The leakage direction is identical to that of the pressure difference, and the mass leakage
increases with the pressure difference.

(4) Leakage decreases with an increase in the coefficient of dynamic viscosity ( x,,, )-
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(5) As the direction of leakage is orthogonal to the scroll velocity which is tangential to the
base circle of the scroll profile, the leakage may not always increase (or decrease) by the
component of the direction with the component of the same direction of the scroll velocity.
However, the leakage decreases with an increase of the compressor speed is because the
leakage time has become shorter.

By introducing the ring leakage model of the rolling piston pump [26], we find that the leakage
model is based on several half-ring leakage paths that are equivalent to the original involute

leakage path (Fig. 2.4). The scroll wrap thickness (I) is equivalent to the mean radius (rm)£ half

the wrap thickness (I2 ), whereas the mean radius i52L (Fig. 2.4).
T

Finally, the radial leakage model is expressed as follows:

dM _ 75°(p; = po)
at 6u|n(:°)

(2-10)

In equation (2-10), v is an average value because it depends on the oil-mass percentage of the
leakage fluid [26]. The overall leakage model assumed keeping in a thermal steady-state because
of the compression chambers has been considered as a heat insulation system. The thermal
dynamics calculation module is separator from the leakage module as the calculate flow chart
shown in fig. 2.6. The leakage calculation module uses the thermal and pressure data from
thermal dynamics calculation module, and it feedback the mass flow rate and leakage data to

STC-package to calculate performance.

2.4 Case study on theoretical performance simulations
In order to investigate the effects of radial leakages on the LPS STC, we performed
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simulations of certain case studies using ITRI_STC [19] combined with the refrigerant data base

named REFPROP 8 [27]. Fig. 2.6 presents the algorithm for calculating leakage.

The following three definitions of efficiency are employed for evaluating the STC
performance, and their formulas follow those in Chang’s PhD thesis [28]:
(a) Coefficient of performance (COP)—the energy proportional to the cooling capacity and
the power consumption of the compressor;
(b) Volumetric efficiency of leakage gas mass loss—the percentage of the ratio of actual
mass flow rate (i.e., discharge mass flow rate with leakage) to the theoretical discharge
mass flow rate;

(c) Isentropic compression efficiency—the ratios of the ideal isentropic compression work to the

actual compression work (i.e., motor electric power consumption).

The main geometric parameters of the scroll in the LPS STC in this study are listed in Table
2-1, and the compressor’s operating conditions are listed in Table 2-2. In order to eliminate the
influence of flank leakage, the flank clearance was set to zero during the numerical calculations.

Figs. 2.7-2.10 show the results of the simulation; here, the scroll clearance ( 6 ) was varied from 0

to 21 um, whereas the operating frequency of the compressor was varied from 40 to 80 Hz.

Clearly, the findings indicate that the COP is inversely proportional to the leakage clearance
(Fig. 2.7). Fig. 2.8 shows that the volumetric efficiency of the refrigerant mass loss decreased with
an increase in the clearance value. Fig. 2.9 and Fig. 2.10 show the refrigerant flow rate and cooling
capacity, respectively. From a comparison of these results, we find that the radial clearance should
be limited to within 6 um in order to maintain a high performance of the STC. These results also

help in achieving better ACM designs and performances.
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2.5 Remarks

The value of 6 pum for axial clearance was obtained for the given geometry and operating
condition. The manner in which it can be affected by variation in geometrical and operating

parameters is the most important aspect in this research for designing the ACM.

Discussions:
Changing both the geometrical and operating parameters may affect the optimum clearance

value.

However, we find that if the geometry is changed, the axial leakage path and the scroll
thickness may affect the optimum clearance value. We believe that there should be some
relationship between the scroll thickness and the axial clearance. However, in this study, we
assume that the axial clearance should be considerably lower than the scroll thickness (b), i.e.,

o/b << 1.

If the geometry is not changed, the changes in the operating parameters can affect the
pressure difference. The optimum axial clearance can be maintained by our ACM design because
the backpressure pin design considers that the pressure difference originates from the different

operating conditions.
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Fig. 2.3 Integrated and simplified leakage path model (as circular path)
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Table 2-1 STC parameters and experimental operating conditions

Parameters of the LPS STC

Parameters

Radius of the basic circle of the scroll(a)(mm)
Thickness of the scroll(t)(mm)

Involutes angle of the scroll(¢pi)(degree)

scroll pitch(Tp)(mm)

scroll wrap height(hs)(mm)

Environment conditions Value
Condensing Temperature(°C) 544
Evaporator Temperature(°C) 7.2
Superheat(K) 10
Subcool(K) 8.3
Expansion valve Temperature(°C) 46.1

Refrigerant R22
STC operation speed
i frequency actual
Cogeiyion setting(Hz) revolution(rpm)
A 40 2261
B 50 2871
C 60 3454
D 70 4033
E 80 4612
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Table 2-2 Compressor prototype and STC performance measurement specifications

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 : 18-25 °C
Exhaust temperature 80-120°C
Supply pressure 0.3-0.7 MPa
Refrigerant mass flow rate 87~290 kg/hr
Electrical power 0.8-3.7 kW
STC performance Measurement Specification
Refrigerant R22
Range of cooling capacity 1.5kW~15kW

Test standard- Capacity, COP and

Volumetric Efficiency determination o N\ oH e

Parameter Range Stability
Discharge Pressure(MPa) 0.6273.2 +0.01
Suction Pressure(MPa) 0.12~0.96 +0.015
Inlet Temperature(°C) 15§ 53 10.1
Suction Temperature(°C) -25~ 38 0.1
Ambient Temperature(°C) 32 12
Compressor Speed(rpm) 1200 ~ 7200 +0.25%
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refrigrant flow rate vs. leakage clearance
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CHAPTER 3 AXIAL-COMPLIANCE MECHANISM OF
LPS STC

A cross-sectional diagram of the ACM designed for an LPS STC is shown in Fig. 3.1. A
scroll pump sucks the suction gas from the low pressure side (Fig 1.1), compresses it, and then
discharges it at high pressure to the plenum (high pressure side); the exhaust is then emitted out
of the discharge port. During compression process, the orbiting scroll continues to move with a
wobble because of the inner unbalanced forces and tilting moments; moreover, the reaction
forces and moments cause the fixed scroll to wobble as well. Therefore, in this study, in order to
prevent the occurrence of clearances owing to the wobble phenomenon, in this study, the fixed
scroll was pressed by a backpressure mechanism to trace the orbiting scroll in the vertical
direction and the orbiting scroll was enforced (by the compressed gas pressure) to keep the base
plate close to the surface of the trust bearing. However, the tangential gas forces cause the fixed
scroll to wobble (Fig. 3.2). In the following subsections, the backpressure mechanism and
suspension ACM designs for limiting the scroll wobble and maintaining the axial clearance near

the optimum value (within 6 um) are described.

3.1 Backpressure mechanism design

From the patent analysis, the patent US 6,368,088 Bl [29] shows the backpressure
regulation mechanism for the fixed speed STC under different working conditions. The
mechanism is operated by pressure different. However, to consider the behavior of LPS STCs
under variable-speed operations, the most important factor is the variation in the pressure
difference between the high and low sides in the STC. Using the pressure difference to drive the

ACM could be the same function of US 6,368,088B1. Nevertheless, the backpressure regulation
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mechanism using the significant changes in backpressure during the variable-speed operation of

the compressor leads to the following two shortcomings.

(1) When the compressor operates at low condensation temperatures or at low pressure
differences, the backpressure decreases, leading to poor sealing between the two scrolls and,
hence, leakage. Moreover, in the case of excess 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 differences. Excessive backpressure increases the contact at the
two scrolls and causes friction loss on the interface between the base plate of the orbiting scroll
and the thrust bearing. This friction loss drastically increases the power consumption of the

compressor.

For overcome the two shortcomings, a self-adjusting, robust design of the backpressure
mechanism by forces analysis is proposed (Fig. 3.3(a)). 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
maximum value is considered here). Curve B represents the sum of the backpressure force by
boss and the three pressure-pin forces by three backpressure pins due to the discharge pressure.
However, curve B can satisfy the backpressure only during the rating operations. When the STC
IS operating at the under un-rating conditions, the pressure difference either decreases or
increases whereas the backpressure correspondingly decreases or increases, respectively. Further,
at low backpressures, the leakage loss increases, whereas at high backpressures, the friction loss
increases. Furthermore, from the force analysis, the pre-pressing force value (Fs) can be

designed.
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For providing an optimum backpressure, the backpressure force and the three pressure-pin
forces should have a self-adjusting mechanism. (Fig. 3.4) Therefore, the optimum backpressure
distribution curves should be curves C1 and C2, which provide a suitable and sufficient
backpressure under any operating conditions. (Curve C1 represents the construction with the
backpressure force, three pressure-pin forces, and disk spring forces. Curve C2 represents the
construction only with the backpressure force and the three pressure-pin forces.) The designing
points at P1 and P2 can be used to determine the point F1 and F2, respectively. Further, using the
relationship between force and pressure, we can determine the backpressure areas via

calculations.

The overall surface area of the boss and the pins can thus be determined which in turn
determines the slope of Curve B. And the value of the area of the boss and the pins is also on the
Curve C1 (called the point F1). From the same analysis, the overall surface area of the boss and
the pins can thus be determined which in turn determines the slope of Curve C2, and the value of
the area of the boss and the pins is also on the Curve C1(called the point F1). Fig.3.3(b) show the
position design limited for the backpressure regulation pins. However, in this study, the position

and location angles of the three pins are from the try-and-error method.

3.2 Suspension ACM design

In this study, an ACM design is developed to fine-tune the axial motion of the fixed scroll.
In here, we take free body diagrams of each parts of the ACM (shown in fig. 3.4). The fig. 3.5
shows the exploded diagram of the suspension ACM. The design process of the two crescent leaf
springs (as the elastic element) has been verified in detail by Tang et al. [30]. In their study, a

design process was developed to determine the design parameters of the elastic element, and the
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process was verified experimentally. Their results only demonstrate that the ACM can assist the
compressor at low operating speeds from 50 Hz to 34 Hz under the rating conditions. Tables 3-1
and 3-2 list the results of the calculation of the inner forces for designing the backpressure and
suspension ACMs, respectively. The tilting motion of the fixed scroll due to the tangential gas
forces acted at the half-height of the scroll blend. As shown in Fig. 2.8, the limiting parts
provided an anti-moment to overcome the tilting moment. Therefore, the contact noise and the

leakage caused by tilting could be reduced.

3.3 Study on structural design and analysis of new leaf-spring-type
ACM

Several factors can influence the efficiency of an STC, and one of them is the internal
leakage problem. However, the traditional mechanism for preventing internal refrigerant leakage
in the scroll pump is a sealing mechanism to dynamically seal the scroll clearance caused by the
unbalanced inner forces and moments in the STC. We know that the leakage path has been
determined and the scroll line length has been designed. Radial leakage is larger than flank
leakage because of its longer path. In this study, we discuss a sealing mechanism called a
leaf-spring-type ACM, and this mechanism could improve the volumetric efficiency and increase

the cooling capacity.

The compliance mechanism is used for controlling the floating tolerance of the fixed scroll
between the frame and a separate plate and for keeping the radial leakage to minimum. Further,
the compliance mechanism is used for solving the incongruity in the backpressure of the fixed
scroll in the axial direction, which can increase the forces exerted from the fixed scroll to the

orbiting scroll. This backpressure causes more friction loss, which can induce a decrease in the
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compressor efficiency. For eliminating the unnecessary losses, we consider case studies on
designing an ACM with a leaf-spring structure to limit the floating distance of the fixed scroll
and to keep the tip clearance in the optimum state. From finite element analysis and the
experimental tests on the prototype, we find that this new sealing-function module can reduce

noise and increase the cooling performance.

3.3.1 Literature review

In recent years, power conservation has become a critical aspect in the air conditioner and
refrigerator industries. In order to conserve the electric power, improvement in the performance
of a compressor has been proposed, which has led to considerable research on the behavior of
leakage in a scroll pump (The internal leakage of a scroll pump can decrease the cooling capacity
and increase the power consumption.) under the operating conditions (see Fig. 3.6). Tojo et al.
[31] have proposed a self-adjusting backpressure mechanism for a HPS STC, wherein the fixed
scroll is fastened to a frame and the orbiting scroll floats under the gas pressure between the
fixed scroll and the frame. Suefuji et al. [32] have presented a method for calculating the
performance of a hermetic STC by using a simplified thermal analysis model. Bush et al. [33]
have discussed the stability characteristics of the backpressure-supporting orbiting scroll.

Marchese et al. [34] have discussed the dynamics of an orbiting scroll with axial compliance.

Lee et al. [35] have proposed an optimum ACM for the LPS, which can increase efficiency
by 15% under a fixed operating frequency. Park et al. [36] have discussed the results of the
thermodynamic analysis of the performance of a variable-speed STC with refrigerant injection;
however, the ACM has not been discussed. In any case, research and information on developing
an ACM for the tip leakage of scrolls in a LPS STC are insufficient, particularly under a low

operating frequency. This study presents a suspension-compliance mechanism in a LPS STC (see
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Fig. 3.7).

This mechanism, using two leaf springs, can prevent scroll tip leakage and help to reduce
the scroll contact noise. Normally, the fixed and orbiting scrolls in an LPS STC are subjected to
unbalanced forces and moments that can cause the scroll plate to tilt, which causes leakage, noise,
and additional frictional wear. With a suitable design such as the one proposed here, the
compliance mechanism can eliminate the unbalanced forces on the scrolls, and prevent the
additional frictional forces between the scroll tips during the operation of the STC. Several
numerical methods have been adopted in this study. For example, a finite element model (FEM)
code (ANSYS) has been used to predict the deformation in the compliance, and a
compressor-performance simulation package developed by ITRI has been used to calculate the
gas forces for the FEM boundary conditions. Further, the clearance between the two scroll tips

has been optimized to design a leaf spring of suitable thickness (Fig. 3.8).

3.3.2 Basic analysis of inner force for the ACM design

To simplify the analysis of the proposed mechanism, the following basic assumptions are
made:
1. The fixed scroll has a limited floating displacement in the axial direction.

2. Only four dynamic forces directly acting on the fixed scroll are calculated precisely.

The contact force between the orbiting scroll and the fixed scroll resulting from a tilting
moment on the orbiting scroll is assigned a constant value determined on the basis of previous
studies. In this study, the four dynamic force categories are axial gas pressure forces, leaf spring
forces, pressure pin forces, and backpressure forces (see Fig. 3.9). During operation, the axial
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clearance between the fixed scroll and the orbiting scroll is determined by the equilibrium of
forces. The resultant force pushes the fixed scroll, eventually leading to contact between the
fixed scroll and the orbiting scroll. This causes a frictional force, noise, and unnecessary

mechanical contact vibration. These four force categories are defined as following.

I. Backpressure Force

The backpressure force is generated by the discharge gas pressure acting on the check valve,

and it can be calculated from the following equation.

F,=FxA (3.3.2-1)

Here, Fy, is the back force of the gas acting on the check valve; Py, the discharge gas pressure

from the backpressure chamber; and A, the cross-sectional area of the check valve.

I1. Pressure Pin Force

The pressure pin force is caused by the pressure difference between the suction gas and the
discharge gas in the high backpressure chamber acting on the pressure pin surface and by the

downward force of the fixed disk spring. It is calculated from the following equation:

Foin = (Fgisx + Fpa) <3 (3.3.2-2)

where Fgisk 1S the disk spring force and Fpq is the net forces resulting from the pressure difference
between the suction gas and the discharge gas in the high backpressure chamber acting on the

pressure pin surface. Three pins considered in this analysis.
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I11. Axial Gas Force

The axial gas force is caused by the pressure distribution in the compression chambers
between the fixed and orbiting scrolls. The axial force acting on the fixed scroll is calculated

from the following equation:

Fy =Ry x A +B xA, + R x A (3.3.2-3)

where Fy is the axial gas force; Pg, the discharge pressure; P, medium pressure; Ps, the suction
gas pressure; Ag, the area of the discharge chamber, Ay, the area of the middle chamber; and A,

the area of the suction chamber.

IV. Leaf Spring Forces

The total force caused by the displacement of the leaf spring is computed by the following
equation:

F.=NxKxX (3.3.2-4)

where N is the number of leaf springs; X, the displacement of the leaf spring; and K, the spring

stiffness.

During the operation of the scroll, a tilting moment is exerted on the orbiting scroll, which
can result in the application of a contact force to the fixed scroll (see Fig. 3.10). The contact
force is a major cause of the decrease in the compression efficiency and an increase in the noise
level. The resultant four dynamic forces need to be designed suitably for achieving stable motion.

This can be achieved by satisfying the following conditions.
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F=(F+F) (3.3.2-5)

Here, Fi is the contact force. It is difficult to precisely calculate the value of F. In general

compressor design, a random value is initially assigned to Ftx on the basis of previous studies.

3.3.3 CAE simulation model for improving ACM design

In order to design a leaf spring of appropriate thickness used in the prototypes, a finite
element simulation package (ANSYS) [37] is employed to calculate the axial displacement of the
leaf spring. The active forces calculated from the compressor-performance simulation software
(developed by ITRI) are introduced as the boundary conditions. In the FEM model, the leaf
spring is made of SKD11 steel; the scrolls, FC300 cast iron; and the fixed ring for the fixed
scroll, AISI 1040 steel. Further, all the screws are made of SCM435 steel. The FEM is shown in
Fig. 3.8, and the results of the simulation are shown in Fig. 3.11. According to the results of the
FEM analysis, four leaf-spring prototypes are fabricated by two different thicknesses (0.8 mm

and 1.0 mm) and two shapes for further experimental analysis.

3.3.4 Prototype experimental results

For comparing the results of the FEA simulations and the universal testing machine tests, a
preliminary experiment is conducted by controlling the clearance and measuring the reaction
forces acting on the prototype that uses a scroll-pump assembly as shown in Fig. 3.13. Another
experiment is conducted in a compressor-performance testing room (in ITRI), and the operating
conditions are as listed in Table 3-3. All the tested prototypes are operated at the rating speed

(3600 rpm).
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In this study, four types of leaf springs are included in the prototype assembly. The results
of the deformation test are listed in Table 3-4. Table 3-5 lists the results of the STC prototype
performance test. The EER value has not improved considerably for the present shape of the
spring in the prototype. This may be because of the resistance of the refrigerant in the STC. A
new shape of the spring is then designed, as shown in Fig. 3.14. Table 3-6 lists the results of the
STC prototype-performance test. It can be seen that the EER value still has not improved

considerably with this new spring shape, but the noise value has improved slightly.

3.3.5 Discussion on development of leaf-spring ACM

(1) The dynamic backpressure in the back chamber can be increased (or decrease) under certain
operating conditions. This causes an increase (or decrease) in the forces acting on the back
plate of the fixed scroll. In this situation, the back clearance controlling method (leaf-spring
ACM) would be more suitable for forces balancing.

(2) The axial motion of the fixed scroll stabilizes because of the constraint imposed by the
leaf-springs fastened on the fixed scroll and main frame; therefore, back clearance can be
controlled by the leaf spring’s rigidity (Fig 3.7).

(3) The fixed scroll can be tilted during normal operation (as shown in Fig. 3.10); this tilting
motion can cause the deterioration of the compressor efficiency in an STC. The tracing
action from the fixed scroll to the orbiting scroll can decrease the contact effect caused by
the tilting motion. in order to get more understanding of this phenomenon, further
experimental analyses are required.

(4) More studies with extremely low operating speeds of the compressor should be conducted to
obtain information that is more useful for enhancing this ACM, which is also suitable for a

variable-speed STC.
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(5) For reliability, the crack of the feet on the four guide pillars of the frame should be

improved.

3.3.6 Remarks on development of leaf-spring ACM

In this design case study, a suspension compliance mechanism with a leaf spring fixed
directly on the frame is proposed for an LPS STC and the compressor performance for the

prototype is measured. The following conclusions are drawn.

(1) Back clearance can influence the leakage of scroll tips. On maintaining a back clearance
value between 0.04 and 0.09 mm, which was assumed in this study, we can increase the
volumetric efficiency up to 93%.

(2) The leaf spring’s rigidity depends on its thickness. In this study, the operating spring forces
of an STC using an ACM with a 0.8-mm-thick spring decreased to almost half that of an
STC using an ACM with a 1.0-mm-thick spring.

(3) From the mechanism prototype experiment, we find that the suspension-compliance
mechanism functions well when the STC is under the standard compressor testing condition,

and the STC’s noise value is low.

3.4 Study of novel compliant suspension mechanism in LPS STC

In this section, we present a novel compliance mechanism that combines a fixed ring with
two leaf springs as suspension in the fixed scroll in an LPS STC. The prototype has been

developed by considering the dynamic balance of forces acting on the fixed scroll. Further, we
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analyze the design with a leaf-spring thickness that constrains the floating behavior in the axial
direction of the fixed scroll and is helpful in maintaining the balance of the dynamic inner axial
forces. The experimental results of the prototype show that this novel design can provide the
required balance and can ensure high volumetric efficiency, low noise, and low power

consumption during compression.

3.4.1 Background

In recent years, power conservation has become a critical factor in designing compressors,
particularly in the air conditioner and refrigerator industries. For achieving the advantage of
power saving, variable frequency control in a compressor has spurred a great deal of research on
the behavior of a scroll pump’s leakage (the leakage can decrease the cooling capacity) under
various operating conditions. The study presented here is of a novel suspension-compliance
mechanism in an LPS STC (see Fig. 3.15). This mechanism, which involves the combination of
a fixed ring and two leaf springs, can prevent the scroll tip leakage under a low operating
frequency.
Normally, the fixed and orbiting scrolls in an LPS STC are subjected to unbalanced forces and
moments, which can lead to tilting of the scroll plate and cause leakage, noise, and additional
frictional wear. With a suitable design such as the one proposed here, we observe that the
compliance mechanism can eliminate the unbalanced forces on the scrolls and prevent the

additional frictional forces between the scroll tips for variable operating frequencies.

Several numerical methods are adopted during this analysis. For example, a finite element
code (ANSYYS) is used to predict the deformation of the compliance mechanism in the axial
direction, a compressor-performance simulation package developed by us is used to calculate the
gas forces for the FEM boundary conditions, and a method for optimizing the scroll tip clearance
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between the two scrolls is implemented to design a leaf spring of suitable thickness.

3.4.2 Basic analysis
To simplify the analysis process of the proposed mechanism, the following basic
assumptions are made.
® The fixed scroll has limited floating displacement in the axial direction.
® Only four dynamic forces directly act on the fixed scroll and are calculated precisely.
® The contact force between the orbiting scroll and the fixed scroll resulting from the tilting
moment on the orbiting scroll is assigned a constant value determined on the basis of

previous studies.

In this study, the four dynamic forces are axial gas pressure force, leaf spring forces, pressure pin
forces, and backpressure force (see Fig. 3.16). During operation, the axial clearance between the
fixed scroll and the orbiting scroll is determined by the equilibrium of the forces. The resultant
force pushes the fixed scroll, eventually leading to contact between the fixed scroll and the
orbiting scroll. This causes a frictional force and unnecessary mechanical loss, particularly at a
low operating speed.
I. Backpressure Force

The backpressure force is the resultant force caused by the discharge gas pressure acting on

the check valve, and it can be calculated from the following equation:

F,=FxA (3.5.2-1)

Here, F, is the force acting on the check valve; Py, the discharge gas pressure from the
backpressure chamber; and A, the cross-sectional area of the check valve.

ii. Pressure Pin Force
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The pressure pin force arises from the pressure difference between the suction gas and the
discharge gas in the high-backpressure chamber acting on the pressure pin surface and from the

downward force of the fixed disk spring. It is calculated from the following equation:

Foin = (Faisc + Fpa) <3 (3.5.2-2)

where Fyisk is the disk spring force and Fyq is the net force resulting from the pressure difference
between the suction gas and the discharge gas in the high-backpressure chamber acting on the
pressure pin surface. Three pins are considered in this analysis.
iii. Axial Gas Force

The axial gas force is caused by the pressure distribution in the compression chambers
between the fixed and orbiting scrolls. The axial force acting on the fixed scroll is calculated

from the following equation:

Fy =Py x A+ P x A+ Px A (3.5.2-3)

where Fq is the axial gas force; Pg, the discharge pressure; Py, medium pressure; Ps, the suction
gas pressure; Ag, the area of the discharge chamber; A, the area of the middle chamber; and As,
the area of the suction chamber.
Iv. Leaf Spring Forces
The total force caused by the displacement of the leaf spring is computed by the following
equation:

F=NxKxX (3.5.2-4)
where N is the number of leaf springs; X, the displacement of the leaf spring; and K, the spring

stiffness.
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During scroll operation, a tilting moment is exerted on the orbiting scroll, which can result
in the application of a contact force to the fixed scroll. The contact force is a major cause for the
reduction in the compression efficiency and the increase in noise level. The four dynamic forces
need to be designed suitably for achieving stable motion. This can be achieved by satisfying the
following conditions.

F=(F+F) (3.5.2-5)
Here, Fi is the contact force. It is difficult to precisely calculate the value of F. In general

compressor design, an initial guess value will be assigned from experience.

3.4.3 Prototype

In order to design a leaf spring used in the prototypes with appropriate thickness, a finite
element simulation package (ANSYS) is employed to calculate the axial displacement of the leaf
spring (see Fig. 3.17). The active forces calculated from the compressor-performance simulation
software (developed by ITRI) are introduced as the boundary conditions. In the FEM model, the
leaf spring is made of SKD11 steel; the scrolls, FC300 cast iron; and the fixed ring for the fixed
scroll, AISI 1040 steel. Further, all the screws are made of SCM435 steel. The FEM is shown in
Fig. 3.18. One of the simulation results is shown in Fig. 319.

According to the results of the FEM analysis, the leaf spring prototype is fabricated to have three
different thicknesses (0.5 mm, 1.0 mm, and 1.5 mm) for further analysis. An photograph of the
prototype of the compliance structure is shown in Fig. 3.20.

3.4.4 Experiment

For comparing the influence of different back clearances between the scrolls, a preliminary
experiment is conducted by controlling the clearance of the prototype from 0.03 mm to 0.05 mm

using a bolted case STC (as shown in Fig. 3.15). This experiment is conducted in a
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compressor-performance testing room (in ITRI), and the operating conditions follow the ARI
550/590 standard. A verification experiment is also conducted for gaining a better understanding
of the compressor power consumption under a low operating frequency with our proposed ACM.
In this experiment, three types of leaf-spring designs are tested and the compressor speed is
varied from 50 Hz (~3000 rpm) to 34 Hz (~2040 rpm). In Fig. 3.21, leaf spring 1 is 1.5 mm thick,

leaf spring 2 is 1.0 mm thick, and leaf spring 3 is 0.5 mm thick.

3.4.5 Results and discussion

Results

(1) From the back clearance test, we observe that the back clearance (from 0.03 mm to 0.05 mm)
influences the power consumption and the noise level (see Table 3-7).

(2) Power consumption decreases with an increase in the back clearance. From the test results of
the prototype, we find that power consumption decreases by 11.7% .

(3) The compliance mechanism effectively controls the axial floating motion of the fixed scroll.
From the test results of the prototype at a low operating speed, we find that the power
consumption decreases steadily up to 1.4 kW (see Fig. 3.22).

(4) The effect of the thickness of the leaf springs is shown in Fig. 3.22. With an increase in

thickness, the operating range decreases and the power consumption increases.

Discussion

(1) The dynamic backpressure in the back chamber can be increased under certain operating
conditions. This causes increasing forces to act on the back plate of the fixed scroll. In this
situation, the method for controlling back clearance is expected to be effective.

(2) The axial motion of the fixed scroll stabilizes with constraint of fixed ring; therefore, back
clearance can be controlled by the leaf spring’s rigidity.
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(3) The fixed scroll undergoes a tilting motion during the normal operation, which can cause the
deterioration of the STC’s efficiency. The tracing action from the fixed scroll to the orbiting
scroll can decrease the effect of the contact owing to the tilting motion. However, further
experimental analyses are required to confirm this.

(4) More studies with low operating speeds of the compressor should be conducted to obtain

information that is more useful for promoting this ACM.

In this section, a suspension-compliance mechanism with a fixed ring and two leaf springs
has been proposed for an LPS STC, and the compressor performance of the prototype has been
measured. The following conclusions are drawn.
1. Back clearance can influence the leakage of the scroll tips. In this study, we found that
maintaining the back clearance at 0.05 mm could increase the volumetric efficiency by
3%.

2. The leaf spring’s rigidity depends on its thickness. In this study, the ACM with a
0.5-mm-thick leaf spring had an operating speed range that was 2.4 times that of the
ACM with a 1.5-mm-thick leaf spring.

3. With this prototype, the suspension-compliance mechanism functioned well when the
STC worked under an operating speed ranging from 50 Hz (~3000 rpm) to 34 Hz
(~2040 rpm), and it effectively controlled the back clearance, which resulted in low

power consumption.

3.5 Remarks

The types of design for the ACM have been studied in sections 3.3-3.4. Further, the studies

of the suspension-type ACM demonstrate high performance of the STC at a low operating speed.
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Table 3-1 Separate forces of fixed scroll at variable compressor operating conditions
(For backpressure mechanism design 1)

Condenser  gas force in Scroll  force of the low Scroll separating

Temperature chambers pressure area foree
(T (N) (N) (N)
45.0 5571.61 2702.22 2869.39
50.0 5618.82 2702.22 2916.60
544 3T11.98 2702.22 3009.76
60.0 5892.62 2102.22 3189.80
65.0 6236.24 2702.22 3534.02
70.0 (634,59 2702.22 3932.37

i 1) Evaporator temperature (@ 7.2 .

{2 ) Superheat is10°K and subcool 1s 8.3K.
3) All values are calculated by ITRI STC simulation package.

Table 3-2 Simulation results of backpressure mechanism forces
(For backpressure mechanism design 11)

Condenser High Low Pressure
T A, | N L= I~ ... Pin Force Boss Force
Condition Temperature Pressure  Pressure  Difference (N )
(C) (MPa) { MPa ) ( MPa ) o
a 15.00 1.729 0.625 1.104 36843 1657.72
(] 50.00 1.943 0.625 1318 140.35 195134
54.40) 2.146 0.625 1.521 08,33 2291 .81
d 60.00 2.428 0.625 1503 58987 2654.07
e 63,00 2.701 0.625 2076 699,96 314941
£ 70.00 2.997 0.625 2.372 803.98 3617.38
Note ©

(1) Low pressure is the saturation pressure of the evaporator temperatwre @7.27C .
(2) All pressures on the table are "absolute pressure”.
(3) All values are calculated by NIST REFPROP 8.0,
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Fig. 3.11 ANSYS simulation of model |
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Table 3-3 Operating conditions of model I compressor

Condensing Temperatiuse

Evaporating temperatiure

Degree of Suboocling

Degres of Superating

5447 7.2 8.3 ELR
Table 3-4 Test results of leaf spring of model |
Leaf spring tvpe SP 655/ 1.0t SF 655 /0.5t | SF 654/ 1.0t | 5P 654/ 0.5t
Flate washer |spring stiffencedks/mm) 18505 10125 12524 T2
spring force(ke) @ pressure 0.04mm 9 45 B.5 35
spring foroe(ket) @pressure 0.0%mm 18 g 125 7
Spring washer |spring stiffenceks/mm) 1027 05,52 SN £3.99
spring force(kef) @pressure (.04mm 4 4 4 3
gpring foroe(ket) @pressure 0.0%mm 9.5 9 | &
Table 3-5 Test results of model | compressors
Test Specification TEC
Frototype# SP_GB55/ 1.0t SP_655 /0.5t SP_654 /1.0t SEF_654 /0.8t
Discharge Tempera “C 109.3 109.4 1092 109.4
flow rate(cal-h) kgt 16607 166.58 16647 166.13
flow rate(meter) kgt 160.51 161.08 160.75 160.75
flow rate defenze % 3.3 3.3 34 3.2
power consumption W 24514 24421 24380 24308
cooling capacity  kcalth 68085 2250 68167 6509.7
EER kealth'W 278 2,79 280 280
volume efficiency % a1.2 92.3 022 92.2
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Fig. 3.14 Shape of leaf spring #Sp-663 in model |

Table 3-6 Test results of noise of model |

Test Condition TEC
spring type SP_663 /0.8
Discharge temperature  C 108 .3
Current A 10.85
Motor speed rpm 3469
DOWET W 2449.1
cooling capacity kcal'h H811.8
EER kcal/lhW 2.78
volumetnc efficiency % 915
noise dB(A) 58.7
vibration L 24.0
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Fig. 3.15 Concept structure with suspension-compliant mechanism in LPS STC
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Fig. 3.17 Finite element analysis result
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Fig. 3.18 Prototype of ACM
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Fig. 3.19 Lifting spring thickness versus minimum speed
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Fig. 3.20 Leaf spring thickness versus power consumption

Table 3-7 Test results

Back Clearance

Power

Current

Seml-Anplitude

Flow Rate

Cooling Capacity | Noise Volume
By, W) (A (kealh) (dBA) (o) {leg/or) (%)
003 27713 14.5 6277 3] ] 153.% 593
004 24007 11 65035 a4 13.8 161.2 024
005 2451 3 1049 A530 7 fl. 74 12775 1616 973
Back clearance vs. noise .
Back clearance vs. input power
—g—Hack clearancevs
855 MNose = Back clearancs ve. Input
Power
65 2800 i
64.5 2750 e .
.
64 700 +—m8M8M8M———
2650
635
2600
63
2550
625 2500
ez 2450 .
615 T T T T 1 2400 T T T 1
0 00l 002 003 004 005 006 o 001 00z 003 004 005 0.06

Fig. 3.21 Investigation of back clearance
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CHAPTER 4 STUDY ON R22 STC DEVELOPMENT AS A

DESIGN BASELINE

In this chapter, we discuss the influence of an extended operating speed of the STC. We use
the ACM design method and the structure discussed in chapter 3. Here, the same design is used

in the case study for developing a variable-speed LPS STC using R22 refrigerant.

4.1 Suspension ACM Model of R22 STC

In order to evaluate the ACM prototype, the developed STC was tested using a custom-built
PWM inverter placed in a compressor’s test load stand” or “compressor load stand. As shown in
Fig. 4.1, the test load stand consists of three major parts: a control system, an arrangement of a
water cooling/heating refrigeration system to maintain fixed suction and charge conditions, and a

testing chamber to maintain constant environmental temperature.

The test bench was operated using a classical refrigeration cycle with three main
components: a water-heated evaporator, water-cooled condenser, and 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 conditions [38] by varying the
operating speed from 40 Hz to 80 Hz (Table 2-1). 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 case study, the condenser and evaporator temperatures were maintained constant by

automatically adjusting the inlet/outlet water flow rate in the heat exchangers using a
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proportional-integral-derivative (PID) controller. The uncertainty in the refrigerant flow rate was
estimated to be £1% of the measured value. The specifications of the load stand and the STC
prototype (test sample) are listed in Table 2-2. The controlled operating conditions and the test
method (test standard) are also listed in Table 2-1. The tested compressor is a semi-hermetic
STC with the developed PWM inverter as the driver (Fig. 4.1(b)). The compressor speed is

regulated 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 positions of
the test bench. The test results are of the power consumption, refrigerant flow rate, isentropic

efficiency, and COP.

4.2 Simulation and experiment

4.2.1 Results of variable-speed tests

In this section, we discuss the results of the performance of the developed STC with and
without the ACM. The test conditions are listed in Table 2-1. The operating frequency of the
compressor was varied from 40 Hz to 80 Hz; the actual revolutions measured are also listed in

Table 2-1.

Fig. 4.2(a) shows the test results of the compressor power consumption. Under conditions
A-E, which represent the compressor with the ACM, the power consumption ranges from 1.97
kW to 3.59kW. However, without the ACM, the power consumption ranges from 2.07 kW to

3.72 kW. Under the rating condition (condition C), the power consumption of the compressors
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with and without the ACM is approximately identical. The results show that the power

consumption of the STC with the ACM is less than 3%-5% of that of the STC without the ACM.

Fig. 4.2(b) shows that the overall COP increases from 4.7% to 13.5%. Under the rating
condition (condition C), the COP values for the compressors with and without the ACM are also
nearly identical. As shown in Fig. 4.3, the growth rate (under condition D) of the noise level
decreases, which is characterized by the gentle curve. Overall, the tests show that the noise level
improved from 0.7 dB to 1.4 dB, whereas a large divergence occurred under the rating condition

(condition C). The results of the noise level tests also show a discrepancy within 3%.

4.2.2 Discussion of development of ACM for R22 STC

Fig. 4.2(a) and (b) implies that the ACM design reduces not only the leakage loss but also
the frictional loss. Furthermore, the slightly increasing trend of the rating speed shows that the
rating condition is suitable as a design base. The ACM operates extremely well for clearance
control and maintenance of high volumetric efficiency. The power consumption increases from
3% to 5%, and the overall COP increases from 4.7% to 13.5%; however, the volumetric

efficiency must also increase to improve the cooling capacity.

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 such that the scroll moves only in the
axial direction. This reduces the probability of contact between the scrolls and lowers the
compressor noise level. 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
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structural improvements.

4.3 Remarks on development of ACM for R22 STC

In this study, a suspension ACM with a limiting ring and two elastic elements (two crescent
leaf springs) was 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 prototype with the ACM
design demonstrated that the proposed mechanism improves the COP at operating speeds that are
both lower and higher than the rating speed. 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 um; this ensures that the volumetric
efficiency does not decrease with various operating speeds.

(2) The suspension ACM functions well at operating speeds from 80 Hz (condition E) to 40
Hz (condition A). The test results show that the overall COP increases from 4.7% to
13.5%; moreover, these values are maintained even at higher speeds because of the
effective control of the radial clearance. Further, the power consumption is lower with
the use of the ACM design.

(3) The fixed ring structure constrained the fixed scroll and limited it to movements only in
the axial direction. On the other hand, the backpressure acting on the fixed scroll
transferred its forces to the frame via the springs and caused a sufficient downward

sealing force, leading to COP enhancement.

Finally, the limiting ring prevented the scrolls from crashing, which led to reductions in the
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operating noise at extended operating speeds. The effect of the ACM mechanism is based on the
difference between the suction pressure and the discharge pressure. However, different
refrigerants have different operating pressure differences. In this study, the R22 refrigerant can
be treated as the design base for other refrigerant applications. Future studies may focus on the
R744 refrigerant for a considerably higher pressure difference. In this manner, our ACM

mechanism design improves the performance of the LPS STC at extended operating speeds.

Mass flow rate I ’
Meter

Receiver

('-—I:\ ot “Condensor ‘ l‘
Vibration N7
Absolver

Evaporator 5

[ (IL) 4 ;1'11

(a) measurement scheme

(b) Prototype for variable speed experiment

Fig. 4.1 Test rig scheme and experimental setup: (a) Measurement scheme (b) Prototype for

variable-speed experiment
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Power consumption vs. operating conditions
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Noise vs. Operating Speed
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Fig. 4.2 Noise versus Operation conditions
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CHAPTER 5 CASE STUDIES OF ACM APPLICATIONS

5.1 Comparative study on characteristics of alternative refrigerants

5.1.1Performance investigation of refrigerants as alternatives to R22

R22, as a high-performance artificial refrigerant, has been used widely for many years in
vapor-compression refrigeration systems. Furthermore, it is generally accepted and is the most
suitable refrigerant for many applications such as air conditioning (high temperature and high
backpressure), refrigeration (medium temperature and medium backpressure), and freezing (low
temperature and low backpressure) applications. Unfortunately, R22 belongs to the family of
hydrochlorofluorocarbon (HCFC) refrigerants, which are considered harmful to the ozone layer.
Now, the HCFC refrigerants are controlled substances according to The Montreal Protocol, and
they will be phased out by 2020 in developed countries and by 2030 in developing countries
[39~43]. Ozone-friendly alternative refrigerants can be grouped into the following three
categories:

(1) Hydrofluorocarbons (HFCs) that are used in conventional vapor compression cycles,

such as R134a, R410A, and R407C.

(2) Natural fluids, which include carbon dioxide (CO,) and hydrocarbons (HCs), such as
R600a, propane (R290), and ammonia (R717). Although these refrigerants have zero
ozone depletion potential (ODP) and minimal global warming impact due to direct
emissions, safety and environmental factors associated with these fluids exist, which
would limit their widespread use as refrigerants.

(3) Alternative cycles that include absorption systems and the use of trans-critical CO;
(R744) and air cycles. However, these alternative cycles do not offer the same energy

efficiency as the vapor compression cycle using HFC refrigerants. Moreover, they
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increase indirect global warming emissions via increased electrical power consumption

[43~45].

Blends of the HFC refrigerants have been considered the preferred candidates for R22
alternatives because they are harmless to the ozone layer owing to the absence of chlorine, and
these fluids are the most used substitutes [46][47] (Table 5-1). Research on refrigerants for R22
alternatives is a popular topic in the refrigeration and air conditioner industries. Many
refrigerants show a great potential as R22 replacements [48]. The results of a search for ideal
alternatives to R22 show that a binary mixture (R410A) was found to be a suitable substitute in
air conditioning and medium-temperature applications [49]. Aprea et al. [50] evaluated the
performances of R22 substitutes having a regulated refrigeration capacity in a vapor compression

plant by a variable-speed compressor.

R410A is composed of R32 and R125 with weight percentages of 60% and 40%,
respectively, and has the advantage of high heat transfer coefficients in the evaporator and the
condenser. Therefore, R410A shows a further potential for increasing the efficiencies of the
refrigeration system. Further, with very low temperature glide (<0.2 K), the general application
of R410A is nearly identical to that of a pure refrigerant. [46]. However, the high pressure levels
of R410A during operation may require major design changes to the compressor and other
critical parts. Another disadvantage is its relatively low critical temperature of 73 °C, which is a
design limitation of the condensation temperature. R404A is a blend that is absolutely chlorine
free (ODP = 0). Its basic components belong to the HFC group. Therefore, R404A has also been
considered as a long-term alternative refrigerant. R404A is a mixture of R125, R134a, and
R143a with weight percentages of 44%, 4%, and 52%, respectively. The major characteristic of
all the three components is the very low isentropic compression exponent, which leads to a very
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low discharge temperature. Thus, a highly efficient application of single-stage compressors with

low evaporating temperatures is guaranteed [51].

In general, the compressor pressure ratio (R ) is given as follows:

R, = (P4) (5-1)

where p,is the compressor discharge pressure (kg/cm?) and p, is the compressor suction

pressure (kg/cm?).

The values of p;, p,, and R, result from the operation cycle and are influenced by the
refrigerant used. Fig. 5.2 shows the different types of operation cycles with different refrigerants.
The compressor pressure difference ( p, - p.) is nearly identical in the R22 and R404A cycles.

Furthermore, the pressure difference value of R410A is almost 1.2-1.5 times that of R22.

Moreover, the value of R744 is nearly 2.2-3.0 times that of R22, but R~ of R744 is slightly

smaller than that of R22. From equation (2-9), we can obtain a simple formula to demonstrate

the relationship between total leakages with pressure difference:

M=y I 2 )Py = )+ (P~ PT= Lo (-2 )b, ~ P.) (5-2)
dt pmn 12,Umn| d m m S pmn 12’umn| d S
The pressure difference can represented as
Pg — Ps = (CR _1)* Ps (5_3)
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Here, CR is the ratio of the system pressure, and it is different for operating conditions with

different refrigerants. It can be expressed as

CR= % (5-3)

Generally, the suction state can be controlled by the system design, and the value of CR can
be set by the designed operating conditions. For this reason, the case studies of the ACM
applications in R410A, R404A, and R744 STCs can be considered for studying the backpressure
mechanism with the same suspension structure (see the discussions in Chapter 3). In Fig. 5.3,
R744 shows a higher pressure than the other refrigerants; the leakage in the R744 STC is

discussed in section 5.2.

5.1.2 Literature review of leakage of CO2 gas with oil mixture in STC

In recent years, STCs, because of their low vibration, low noises, and high efficiency, have
become an increasingly popular candidate for compressors in the refrigeration systems using
CO; (R744) as the working fluid. These STCs have small axial and radial clearances between the
orbiting and fixed scrolls, and the leakage of the compressed refrigerant gas through these small

clearances has a strong, detrimental effect on the volumetric efficiency.

In order to carry out accurate compressor-performance simulations for efficiency
optimization, it is necessary to establish a reliable method for calculating the leakage flow
through these clearances. However, it should be noted here that the theoretical method for

calculating the refrigerant gas leakages should be kept as simple as possible, as the numerical
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simulations of the resultant performance include many complicated procedures. The previous
studies by Ishii et al. [52] provide a very simple method for calculating the refrigerant gas
leakage flows through the axial and radial clearances in an STC on the basis of the
Darcy—Weisbach equation for incompressible, viscous fluid flow through a thin rectangular
cross-section. The method proposed by Ishii et al. represents the gas leakage flows with the
friction factor. In the beginning, a very simple experiment is carried out for studying the leakage
flow through the axial and radial clearances for the dry refrigerants of R22, R410A, and CO2
(Fig. 5.4 & Fig. 5.5). Then, the leakage flow through the small clearances in the STCs is
calculated using the Darcy—Weisbach equation to determine the empirical friction factors.
However, the refrigerant gas is mixed with the oil for its sealing function during practical STC
operation, and some researches show that the optimal oil content is about 5%, which results in
the optimal performance of an air conditioning system.

Darcy—Weisbach equation:

2
f gLV
D, 29 (5-1)

The friction factor A, for dry and wet CO, gas leakage flows through the axial clearance can

be given by (The friction factor A, can be given by Nikuradse’s formula [53].) the following

expression.
A, =0.0032+0.35x R, For dry CO, gas leakage flow
(5-1) [52]
A, =0.0032+0.30x R, For wet CO, gas leakage flow

In Ishii’s study, an oil-mixing device with a venture pipe was manufactured to permit very
simple experiments on leakage flows of the wet CO, gas containing oil mist (Fig. 5.6). The wet
gas with an oil mixture rate, initially pressurized in a large vessel, flowed out into the

atmosphere through the axial clearance with a thin rectangular cross section. The pressure decay
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due to gas leakage was measured at various initial pressures up to 3 MPa. The Darcy—Weisbach
equation for incompressible, viscous fluid flow was applied to the leakage flow through the axial

clearance for calculating the leakage mass flow rate.

Furthermore, the measured pressure decay was carefully simulated by assuming a
polytropic process. The empirical friction factor was compared with that for the dry CO, gas.
This result addressed the oil-sealing effect. The determined empirical friction factor for the wet
CO, gas was incorporated into computer simulations to calculate the volumetric, mechanical,
and compression efficiencies and the resultant overall efficiencies. By using the empirical
friction factors, we can quantitatively address the oil-mist sealing effects on the compressor
efficiencies by performing the computer simulations developed by Ishii et al. for optimizing the

STC’s performance [54~56].

Oku et al. [57] measured the pressure decay in the pressurized vessel due to leakage by
using a maximum pressure of 3 MPa for CO, and 0.6 MPa for R22. The Darcy—Weisbach
equation was applied for simulating the pressure decay characteristics. The simulation showed
that the empirical friction factors for both axial and radial clearance leakage flows have nearly
equal values for both CO, and R22, despite the significantly different working pressures. The

friction factor was strongly dependent on the relative roughness of the leakage channel surface.

Table 5-2 lists the major specifications for CO, compressors, which are in accordance with
those in Ishii’s study. The inner compression ratio was 2.07 and system compression ratio was
2.57, resulting in a cooling capacity of 2.0 kW at the rated values of mean crankshaft speed. The
suction and discharge pressures were 3.5 and 9.0MPa, respectively. The clearance between the
orbiting and fixed scrolls was kept at 3.0 um in the axial direction and 6.0 um in the radial
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direction. Although the abovementioned studies are focused on HPS STCs, the optimum axial
clearance should be equal in both HPS and LPS STCs. Moreover, for different refrigerant
applications, the results from Oku’s study support the fact that the friction factor can be
considered the same for both HPS and LPS STCs because “the friction factor was strongly

dependent on the relative roughness of the leakage channel surface.”

5.1.3 Numerical simulations of inner leakage effect on alternative refrigerants

For understanding the optimum scroll clearance of the alternative refrigerants-the R410A
and the R744 (CO2), in this study, we repeated the study steps in chapter 2 with the R410A and
R744. Table 5-5 shows the parameters of R410A LPS STC and Table 5-7 lists the parameters of
R744 LPS STC. Fig 5.7 show the simulation results of R410A and Fig. 5.8 show the results of
R744. According to the simulation results, the optimum axial clearance can be considered to be

6.0 um in the R410A application and 3.0 um in the R744 application.

5.1.4 Remarks on the investigation of alternative refrigerants

(1) From sections 5.1.1 and 5.1.2, we find that the design of the ACM in LPS STCs should be
determined with focus on the backpressure mechanism.

(2) The axial clearance can be considered to be 6.0 um in the R410A applications.

(3) The axial clearance can be considered to be 3.0 um in the R744 application.

(4) If the axial clearance is less than the values suggested in (2) and (3), then the friction factor
strongly depends on the relative roughness of the leakage channel surface. However, this is

a manufacturing problem and not a critical issue in design theory.
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5.2 Basic ACM design configuration for case studies

5.2.1 Design configuration of backpressure pin mechanism

From section 5.1, the backpressure mechanism must be focused on for developing a suitable
compliance mechanism in different refrigerant compressor applications. The optimum axial
clearance between scrolls can be set to the values suggested in section 5.1. As the optimum
clearances are objective factors and the backpressure mechanism can provide suitable
compliance forces from the pressure pin design, the suspension mechanism can be used for
maintaining the position of the fixed scroll for a wide range of operating conditions and at

extended operating speeds.

First, the inner compressed gas forces should be determined by numerical calculations.
From the design constraint in chapter 3, we observe that these forces are under a variable
pressure differential arising from the variable condensation temperature at the designed rating
speed. The curves of the forces (calculated by the ITRI compressor simulation package)
presented in section 3.1 are used as the design base. However, the backpressure and the pin
forces (curve B) are too large to force the fixed scroll down after the discharge pressure is
designed. Therefore, the compliance forces exerted via the ACM (curve C1) should be slightly
stronger than the scroll separation force (curve A) to provide the optimum sealing force.
Therefore, the sum of backpressure and the pin disk spring forces (Fs) form curve C1. Curve C2
is formed only with the backpressure force and three pressure-pin forces. The design points at P1

and P2 can be used to determine the pushing forces F1 and F2, respectively.

In this section, it is shown that a different refrigerant application results in a different design

base. However, the design point value depends on the pressure difference. Fig. 5.1 and Fig. 5.2
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show that the pressure difference in R404A and R22 is nearly equal. Further, R410A has almost
1.5 times the pressure difference value of R22. Furthermore, these refrigerants are operated
under subcritical thermal conditions. Unfortunately, the R744 application is operated under
trans-critical thermal conditions, and its pressure difference value is about 3-5 times that of R22.
The distribution of forces for the system using R410A and R744 are presented in section 5.3.
The pin section and the disk spring specifications are determined from the force curves. The
suspension mechanism design is focuses on the two-half-ring springs, and the mechanism is
verified via CAE simulation. Section 5.2.2 shows the results of the CAE simulation for R410A.
In addition, section 5.2.3 shows how to incorporate these results to design ACM for a small

R744 STC.

5.2.2 Design configuration of suspension mechanism

In order to verify the leaf spring force design that can be used with R410A, numerical
simulation of the pressure is carried out (using the ITRI package). The shape of the leaf spring
can be designed as two half-rings to achieve balance. This study have considered the
manufacture, assembly, and cost issues while designing the suspension mechanism described in
this section. To resolve all the issues, two half-rings can be used for designing an appropriate
system. This study use finite element analysis to determine the thickness of the leaf spring. The
materials of the parts in the simulation model are as follows: SKD11 steel for the leaf spring,
FC300 cast iron for the scrolls, and AlISI 1040 steel for the fixed ring of the fixed scroll. All the
screws are made of SCM435 steel. The simulation model in the finite element analysis is shown
in Fig. 5.9. The pump of the compressor is assembled using a bolted case (see Fig. 1.1), and it is
supported by the fixed support in the outer frame. In this simulation, the boundary conditions are

calculated using the compressor-performance simulation program (developed by ITRI). Table
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5-3 lists the boundary conditions used in this simulation. Table 5-4 lists the values of the
backpressure force in this simulation. Fig. 5.10 shows the simulation results. These results show

that the axial deformation can be constrained to within 6 pm by the designed ACM.

5.3 Case studies for different refrigerant applications

5.3.1 Case study of design for R410A STC

First, using the ACM design model from section 5.2, we have to modify the backpressure
mechanism. The results of the analysis of the new forces are listed in Fig. 5.12. The R410A STC
design parameters and operating conditions in the experiment are listed in Table 5-5. Here, the
ACM design is applied to three prototypes of R410A STCs: One is a semi-hermetic vertical STC;
the second, a semi-hermetic horizontal STC; and the third, a hermetic horizontal STC with the
same mechanism as the semi-hermetic horizontal STC. All the three STC prototypes employ the
same design of the scroll pump, ACM, and fixed-speed MS motor. The difference is that the
second and third prototypes use a different oil circulation system. Fig. 5.13 shows the sections of

the first two types of STCs. Fig 5.14 shows images of the prototypes being tested.

The hermetic horizontal R410A STC prototype follows the mechanism design of the
semi-hermetic horizontal STC, but the assembly function is welded in the hermetic horizontal
R410A STC prototype. Fig. 5.15 shows the photographs of the compressor parts and the final
product. Table 5-6 presents a comparison of the performance data of the prototypes. The
simulation data are obtained using the ITRI package to calculate the STC performance. However,
the simulation results contain error within 5%, which may arise from the assembly tolerance, the

motor quality, etc. In the simulation, the axial gap is set at 20 um. For considering the simulation
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error and the assembly tolerance, in the ACM design, the axial gap is set at 6 um, which is in
accordance with the mechanism for the R22 STC. The test results indicate that the leakage is
reduced owing to the use of the ACM, as observed from the measured refrigerant mass flow rate
data. The COP value is lower than the expected value. It is observed that this low value may be

attributed to friction loss and the motor design (Fig. 5.16).

5.3.2 Case study of design for R744 (CO,) STC

In this section, we discuss an R744 STC that is based on the 4.8 inch- frame R410A STC,
which was evaluated in section 5.3.1, and has two applications. . From the comparison of
refrigerants in section 5.1, we observe that the suction volume can be different for systems
developed with the same design but with different refrigerants. This is because the refrigeration
capacity of CO; is about 3.3 times that of R410A (please see table 5-1), which is due to the
different operating conditions for the heat pump application and the refrigeration application.
However, in this study, both the R744 STCs operate under the trans-critical cycle. The discharge
and suction pressures are about three times those of the R410A STC. Therefore, the STC
discharge volume is set at 4 cc/rev (in heat pump application; hpa) and 2.9 cc/rev (in
refrigeration application; rea). For achieving a lower pressure ratio (2.7 in hpa and 2.4 in rea),
the compressor frame shouid be small and the pump structure should be robust. In this study, the
STC frame has a 4.4-in diameter and the ACM design follows the R410A design with a modified

backpressure mechanism.

Fig. 5.17 shows the R744 semi-hermetic STC prototype for the CO, heat pump water heater
(HPWH) application. Fig. 5.18 shows the R744 hermetic STC prototype with a high-pass voltage,

and its mechanism is identical to that of the semi-hermetic STC prototype. For CO, HPWH
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application, the discharge pressure is considerably higher than the other pressures because of the
high discharge temperature. Fig. 5.19 shows the 3D model of the R744 LPS STC for the CO,
bottle cooler application (BTCL). Fig. 5.20 shows the components of the BTCL STC prototype
and the STC performance test. Unlike the HPWH application, the cooling capacity for the BTCL
application is constrained by the inner volume of the BTCL. Furthermore, the evaporating
temperature is below 0 °C, and the suction pressure is the constraining factor. The inner leakage
of the pump influences the speed at which the scroll pump builds up the lower suction pressure.
Another constraining factor is the use of an internal heat exchanger (IHX). This increases the
discharge temperature and the discharge pressure. The Fig. 5.21 shows the experiment results.
According to the results, the R744 LPS STC with a suitable ACM design shows a good

performance in bottle cooler application.

5.4 Remarks

In summary, the R410A and R744 LPS STCs with the ACM show a very good performance.
The ACM design seems very suitable for all the refrigerants that can be used in the STC.
However, the compressor test rig is designed only for testing the compressor performance under
the specified suction and discharge conditions. The practical performance can be tested by using
a feasible system such as the one discussed in appendix C. The R744 STC used for the BTCL
application is only tested by the compressor test rig. The original 500-L BTCL prototype is built
for a fixed-speed reciprocating compressor. The STC performance is better than that of the
reciprocating compressor, although the refrigerant mass flow rate is not the same under the same
operating condition. It cannot be established that the developed STC is indeed better than the
reciprocating compressor. However, we could establish that the CO, STC can be used in

medium-temperature refrigeration applications and has a better volumetric efficiency.
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Alternative Refrigerants

*

HCFG/HFC HFC Low GWP” ogen
- partly chlorinated - - chlorine free — Hafngeranis Ha free

i

- IFI22-Basad R125 R507A

T R

Ri124 R32 R407-Series Fl1 270
R142b R143a R410A R‘I 70
R152a R1 70
R744 R723
Fig. 5. 1 List of R22 alterative refrigerants
Table 5-1 Refrigerant comparison
REFRIGERANT COMPARISON
Refrigerant Type @ R4104 | R4044 | R744
ODP 5 (] 0 [
ENTIRONMENT
GNP | 1,700 1,900 3,760 1
SAFETY Flammability Texteity NN NN NN NN
Molecular Mass (kg/Tanol) &7 3 98 44
Critical Pressure (bar) 50 48 37 e
Pressure (@ Room Temp {20 ) {bar} 4.5 10.8 i3
THERMO-DYNAMIC
Critical Temperature { ) 0 72 31
Novmal Boiling Point { ) =53 -48 -78
Refrigeration Capacity (kElm "3} 6,763 5,074
HISTORICAL First Commercial Use as a refrigerant 1,998 1990s | 1,869
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Comparison of operation cycles
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Fig. 5.2 Different operation cycles with different refrigerants

Comparison of pressure levels

10 T — R ———

9

X .

=7 X R404A
% 6 ——TR410A
25 Xg*x ——R744(C0O2)
-
§ 4 —544C
A3 —172C

y)

1

40 -30 -20 -10 0O 10 20 30 40 50 60
Temperature(C)

Fig. 5.3 Comparison of refrigerants in terms of pressure and temperature
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where

hr = head loss (m)

f = friction factor

L, = length of pipe work (m)

D, = inner diameter of pipe work (m)
v = velocity of fluid (m/s)

g = acceleration due to gravity (m/s?)

Diameter

* -* Length .

P,

Flow rate

Discharge
rate

'ressure drop = P-P3

Fig. 5.4 Pressure drop in circular pipe

Leakage flow Thrust plate

\ Frame
\\ Thickness

[
gauge

da:Axial clearance
L:Leak passage length \ L/

Frame

=
Leakage ~
clearance da

- AS
High pressure
chamber A/ Release valve

25 W(l0mm)

‘ Low pressure
O-r11n p
e n ' chamber -
Test piece Test piece Thrust plate
A-A cross section
(@ b)

Fig. 5.5 Axial clearance model for gas leakage tests in STCs:

(a) Plane view; (b) Cross-sectional view [51]
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CO:gas tank
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Vacuum pump

Fig. 5.6 Layout of leakage experiments with oil-mixing device [52]

Table 5-2 Parameter list of CO, compressor [51]

Dry CO, Wet CO,
Suction volume Vs [enr’] 42
Cooling capacity [kI/h] 727
Operationg speed [rpm] 3498
Involute base circle 1, [1nm)] 1.4~2.8
Scroll height B [mm] 9.7~ 3.6
Scroll thickness t [mm] 3.0
Cylinder disameter D [mm] 67.54
Volume ratio 2.07
Pressure ratio 2.57
Specific heat ratio K 1.30
Suction temperature Ts [°C] 10.5
Suction pressure P, [MPa] X
Discharge pressure | P,[MPa] 9.00
Axaal clearance 0, [Hm] 3.0 | 3.0.0
Radial clearance 5, [Hm] 6.0
Empirical fric. | axial Py 15 . in
N ) . 3 0.0032+0.35Re’ 0.0032+0.30Re’
factor | radial A
Moment of Crankshaft | Ij[ke-m’] 0.107~-0.114
Orbiting scroll mass m[kg] 0.116~0.112
Oldham ring mass mykg] 0.037
Crankshaft radius ro[mm] 8.0
Crankpin radius 1g[mm] 8.0
Fric. coef . at oldham ring 0055
Fric. coef . at thrust bearing N
FPric. coef. at crankpin 0.011
Fric. coef. at crank journal )
Fric. coef. at ball bearing 0.0013

Volumetric efficiency v.s. Scroll tip clearance
100 &

80 ?.ﬁ\\
60 \ ——1800 rpm
40 —#-3600 rpm
, N
0 t t t \ t

0 3 6 9 12 15

volumetric efficiency(%)

Scroll Tip clearance(pum)

Fig. 5. 7 Numerical simulation results of leakage effect in the R410A LPS STC
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Fig. 5. 8 Numerical simulation results of leakage effect in the R744 LPS STC
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Fig. 5.9 CAE model and boundary conditions
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Fig. 5.10 CAE simulation results: Axial clearance

Table 5-3 Boundary conditions for CAE simulations (I)

Pd Ps AP T condensor F_chamber F lower F_backpressure
(kgflem™2)  (kgflem”2)  (kgflem”2) () (kgflem™2)  (kgflem”2) (kgf/em”2)
21.73 10.16 17.57 45.00 562.64 275.55 287.09
31.16 10.16 21.00 50.00 572.96 275.55 29741
34.45 10.16 24.29 54.40 582.46 275.55 306.91
38.29 10.16 28.13 60.00 600.88 273.73 327.15
43.54 10.16 33.38 65.00 635.96 271.29 364.67
48.50 10.16 38.34 70.00 676.54 270.07 406.47
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Table 5-4 Boundary conditions for CAE simulations (I1)

Fpin Fboss T _condensor Fpin+boss Fspring Pin_area
(kegf/cm”2)  (kgflcm™2) (C) (kgf/lcm™2) (kgf/cm™2) (mm*2)

112.71 169.04 45.00 281.75 - -
134.71 202.04 50.00 336.75 - -
155.81 233.70 54.40 389.51 82.61 73.21
180.45 270.64 60.00 451.09 123.94 56.51
214.12 321.15 65.00 535.28 170.61 4352
245.94 368.87 70.00 614.82 208.35 37.60

0.68436

L 051327
o 034218
017109

0 Min

-0.0021492
-0.0023303

Be4004 ()

(@) Maximum axial deformation of R410A (b) Maximum axial deformation of R744
scroll pump scroll pump

Fig. 5.11 CAE simulation results of ACM for R410A & R744 STC pump
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Fig. 5.12 Results of analysis of forces in backpressure mechanism
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Table 5-5 R410A STC parameters and experimental operating conditions

Parameters of the LPS STC

Parameters Value
Radius of the basic circle of the scroll (rp) (mm) 1.989
Thickness of the scroll (t) (mm) 2.75
Involutes angle of the scroll (i) (degrees) 1050
Scroll pitch (Tp) (mm) 11.926
Scroll wrap height (hs) (mm) 18.7
Experimental operating conditions
Environmental conditions Value
Condenser Temperature (°C) 54.4
Evaporator Temperature (°C) 7.2
Superheat (K) 10
Subcool (K) 8.3
Expansion valve temperature (°C) 46.1
Refrigerant R410A
STC oEerating sEeed
Condition Frequency setting Ac_tual
Hz) revolution (rpm
MS Motor 60 3540
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Fig. 5.13 Sections of semihermetic vertical and semihermetic horizontal STC prototypes
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(b) Testing of semihermetic vertical R410A STC prototype

Fig. 5.14 Semihermetic vertical and semihermetic horizontal STC prototypes
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Fig. 5.15 Hermetic horizontal R410A STC prototype and its testing

Table 5-6 Test results of R410A prototypes

Result  \ Tvoe ITRI Package Semihermetic Semihermetic  Hermetic
yp Simulation Vertical Horizontal Horizontal

EER (kcal/h/w) 2.55 242 2.56 2.41

COP (-) 2.96 2.81 2.97 2.8

motor input power 1993 2300 2200 2442

(W)

refrigerant mass flow 117.98 129.6 130.8 136.8

rate (kg/h)

refrlgeratlng capa0|ty 5078 5576 5628 5386

(kcal/h)

Discharge Temp. 112°C 103.5°C 102.5°C 95.4°C
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Prototypes performance test results

| —— COPWW) = refrigerant mass flow rate(kg/hr) |
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Fig. 5.16 COP performances of prototypes
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Fig. 5.17 R744 semihermetic STC for CO, heat pump water heater application
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Fig. 5.18 Testing of R744 LPS hermetic STC for CO, heat pump water heater application

Table 5-7 R744 STC parameters and experimental operating conditions

Parameters of the LPS STC

Parameters Value
Radius of the basic circle of the scroll (rp) (mm) 1.91
Thickness of the scroll (t) (mm) 3.0
Involutes angle of the scroll (i) (degrees) 930
Scroll pitch (Tp) (mm) 12
Scroll wrap height (hs) (mm) 3.6

Experimental operating conditions

Environmental conditions Value
Condenser Temperature (°C) 54.4
Evaporator Temperature (°C) -10/-5/0
Superheat (K) 20
Subcool (K) 0
temperature Out of gas cooler (°C) 20/35

Refrigerant R744

STC oeerating seeed
Condition (Fl-r|ez(;uency e revoﬁj(t:it;lsl(rpm)
MS Motor 60 3450
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The main objective of this study is to comprehensively study the performance improvement
potential of the low pressure side (LPS) STCs with the axial-compliance mechanism (ACM)
both theoretically and experimentally. This objective has been accomplished by conducting a
series of simulation and experimental studies. It has been found that the ACM is favorable in

extended operating speed of the LPS STC.

In this research, several critical techniques for accomplishing a high-performance,
variable-speed LPS STC with an ACM have been developed and investigated. Further, based on
the well-developed STC mathematical model and the STC-performance computer simulation
package, the leakage-control techniques for improving STC performance and providing wider
operating capacities for a variable-speed STC have been developed, tested, and verified in this

study.

First, the mathematical model of axial leakage value was constructed, and the advantages of
this model were confirmed by numerical simulations and experimental validations with the
developed ACM in an R22 LPS STC prototype. Second, several ACM design modules were
constructed and integrated into the STC prototypes. Case studies demonstrated that the
prototypes were powerful and offered advantages such as aiding in designing power-conserving
STC products with extended operating considerations. Furthermore, one ACM design process
concerning the different refrigerant applications in the LPS STC was formulated. Experimental

studies were also conducted to evaluate its strengths and weaknesses.
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Overall, this study provides important and comprehensive design information for the
implementation of the ACM design technique in variable speed LPS STC applications under
severe operating speeds and alternative refrigerants. The important contributions and
accomplishments of this research are summarized as follows.

(1) The hypothesis assumed the axial clearance (6) must be considerably smaller than the scroll
thickness (b); i.e., /b << 1. In this assumption, the mathematical leakage model shows that
the length of leakage path and the pressure difference between the scroll suction side and
discharge side are the two main parameters to the inner leakage effect.

(2) The value of 6 pm for axial clearance was obtained for the given geometry and operating
condition for R22 STC by numerical simulations. The manner in which it can be affected by
variation in geometrical and operating parameters is the most important aspect in this
research for designing the ACM.

(3) The leaf spring’s rigidity is depended on its thickness. In this study, the forces acting on a
0.8-mm-thick leaf spring can be decreased to nearly half of those acting on the 1.0-mm-thick
one.

(4) The dynamic characteristics of a fixed scroll have been analyzed, simulations for measuring
the displacement in the leaf spring and controlling the clearance between the fixed scroll and
the orbiting scroll have been performed, and a new ACM for a STC has been developed.

(5) This new ACM is proposed for a R22 LPS STC and the compressor performance for the
prototype has been measured. In the experiment results, the suspension-compliance
mechanism functioned well when the prototype was under the standard compressor testing
condition (ASHARE T), and its measured noise value was low.

(6) The suspension ACM functions well at operating speeds ranging from 80 Hz (condition E) to
40 Hz (condition A). The test results show that the overall COP of the R22 STC prototype
increases from 4.7% to 13.5%.
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(7) The limiting ring structure constrained the fixed scroll and limited it to movements only in
the axial direction. In addition, the backpressure acting on the fixed scroll transferred its
forces to the frame via springs and caused a sufficient downward sealing force, leading to
COP enhancement by higher volumetric efficiency.

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

(9) The different refrigerants have different operating pressure differences. In this study, R22
refrigerant can be treated as the design baseline for other refrigerant applications and design
of the ACM in LPS STCs should be determined with a focus on the backpressure
mechanism.

(10) The axial clearance can be considered to be 6.0 pm in the R22, R410A applications.

(11) The axial clearance can be considered to be 3.0 um in the R744 applications.

(12) The case studies of the ACM in R22, R410A, and R744 LPS STCs show a very good
performance. The ACM design seems very suitable for all the refrigerants that can be used in

the LPS STC.
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6.2 Scope for the future work

Although the design of a high-efficiency STC with variable speed can be addressed by the

leakage mathematical model and the simulation package constructed in this study, further

research is required and certain issues must be resolved in the future.

1)

(2)

(3)

(4)

)

The LPS STC with the ACM has been initially verified by the study of the R22 STC with
5.5-in frame diameter. For more understanding of ACM design for different STC size, more
backpressure mechanism design should be carried out to obtain enough data for modifying
and correcting the ACM prototype models.

The R410A STC with a 4.8-in frame size and R744 STC with a 4.4-in frame size have been
described in this dissertation. Experiments for the other frame sizes in LPS STCs should
also be carried out to validate the accuracy of the developed ACM models.

The design of the ACM mechanism arrangements may not be optimum, for example, the
constraint ring may cause frictional loss, and the suspension element can be simplified
further via optimum geometric design. These effects may lower the compression efficiency.
Therefore, the suitable mechanism arrangements and the parametric design of the ACM for
different design requirements should be considered by using the optimization methods.

The R744 LPS STC ACM design for the bottle cooler application is simply a case studied in
this dissertation. Many other optimization problems can also be investigated, such as
deriving the optimization thermal efficiency for the open-type showcase application and for
the subcritical cycle frozen application.

The presented ACM design is a limited mechanism design for maintaining the best
scroll-axial clearance on the basis of the designed pressure difference. Therefore, further

study of detail CAE simulation is necessary for solving the commercialize engineering.

100



REFERENCES

[1] L. Cruex, “Rotary Engine”, U.S. Patent 801182, 1905.

[2] J. L. Jones, “Scroll Pump”, U.S. Patent 2841089, 1958.

[3] Y. Youn, N. K. Cho, B. C. Lee, and M. K. Min, “The characteristics of tip leakage in scroll
compressors for air conditioners”, in Proc. of the 2000 Int. Compressor Conference at Purdue,
pp. 797-806, 2000.

[4] H. Li, Q. Liao, R. Wang, “Research and development of variable-speed scroll compressor”,
in Proc. of the 2002 Int. Compressor Conference at Purdue, C24-4, July, 2002.

[5] N. Ishii, M. Yamamura, H. Morokoshi, M. Fukushima, S. Yamamoto, and M. Sakai,
“On the superior dynamic behavior of a variable rotating speed scroll compressor”, in Proc.

of the 1988 Int. Compressor Conference at Purdue, pp. 75-82, July, 1988.

[6] H. Richardson and G. Gatecliff, “Comparison of the high side vs. low side scroll
compressor design”, in Proc. of the 1992 Int. Compressor Conference at Purdue, pp. 603-608,
July, 1992.

[7]Y.C.Chang, C. H. Tseng, G. D. Tarng, and L. T. Chang, “Scroll compressor with solid
axial sealing mechanism”, in Proc. of the 4th International Conference on Compressor and
Refrigeration, Xi’an City, China, pp. 189-196, October, 2003.

[8] T. Qureshi and S. Tassou, “Variable speed capacity control in refrigeration systems”,

Applied Thermal Engineering, 16, pp. 103-113,1996.

[9] N. Ishii, M. Yamamura, H. Morokoshi, M. Fukushima, S. Yamamoto, and M. Sakai,
“On the superior dynamic behavior of a variable rotating speed scroll compressor”, in Proc.
of the Purdue International Compressor Engineering Conference, pp.75-82, 1988.

[10] L. Hongqi, L. Quanping, and W. Ruixiang, “Research and development of variable-speed
scroll compressor”, in Proc. of the Purdue International Compressor Engineering
Conference, C24-4, 2002.

[11] E. Morishita, M. Sugihara, and T. Nakamura, “Scroll compressor dynamics (1st report,
The model for the fixed radius crank)”, Bulletin of JSME, 29 (248), pp. 476-482, 1986.

[12] B. Wang, X. Li, and W. Shi, “A general geometrical model of scroll compressors based on
discretional initial angles of involute™, International Journal of Refrigeration, 28, pp.
958-966, 2005.

[13] K. Tojo, N. Ikegawa, N. Maeda, S. Machida, M. Shiibayashi, and N. Uchikawa,
“Computer modeling of scroll compressor with self adjusting back pressure mechanism”, in
Proc. of the Purdue International Compressor Engineering Conference, pp. 872-886, 1986.

[14] J. J. Nieter, “Dynamics of suction process”, in Proc. of the Purdue International
Compressor Engineering Conference, pp. 165-174, 1988.

[15] M. Hayano, H. Sakata, S. Nagatomo, and H. Murasaki, “An analysis of losses in scroll
compressor”, in Proc. of the Purdue International Compressor Engineering Conference,

101


http://140.113.39.244:2063/science?_ob=ArticleURL&_udi=B6V1Y-4S2TRYG-4&_user=1194694&_coverDate=02%2F28%2F2009&_alid=925927847&_rdoc=13&_fmt=high&_orig=mlkt&_cdi=5687&_sort=v&_st=17&_docanchor=&view=c&_ct=79&_acct=C000051941&_version=1&_urlVersion=0&_userid=1194694&md5=13bc635b67ea661e9f2ed09728380839#bbib8
http://140.113.39.244:2063/science?_ob=ArticleURL&_udi=B6V1Y-4S2TRYG-4&_user=1194694&_coverDate=02%2F28%2F2009&_alid=925927847&_rdoc=13&_fmt=high&_orig=mlkt&_cdi=5687&_sort=v&_st=17&_docanchor=&view=c&_ct=79&_acct=C000051941&_version=1&_urlVersion=0&_userid=1194694&md5=13bc635b67ea661e9f2ed09728380839#bbib8

pp.189-197, 1988.

[16] H. Richardson and G. Gatecliff, “Comparison of the high Side vs. low side scroll
compressor design”, in Proc. of the Purdue International Compressor Engineering
Conference, pp. 603-610, 1992.

[17] J. Lee, S. Kim, S. Lee, and Y. Park, “Investigation of axial compliance mechanism in
scroll compressor”, in Proc. of the Purdue International Compressor Engineering
Conference, pp. 459-464, 1996.

[18] Y. C. Park, Y. Kim, and H. Cho, “Thermodynamic analysis on the performance of a
variable speed scroll compressor with refrigerant injection”, International Journal of
Refrigeration, 25, pp. 1072-1082, 2002.

[19] Y. C. Chang, C. E. Tsai, C. H. Tseng, G. D. Tarng, and L. T. Chang, “Computer
simulation and experimental validation of scroll compressor”, in Proc. of the Purdue
International Compressor Engineering Conference, C016, 2004.

[20] Y. Chen, N. Halm, J. Braun, and E. Groll, “Mathematical modeling of scroll compressor
-part 11: overall scroll compressor modeling”, International Journal of Refrigeration, 25, pp.
751-764, 2002.

[21] N. -K. Cho, Y. Youn, B. -C. Lee, M. -K. Min, “The characteristics of tangential leakage in
scroll compressors for air-conditioners”, in Proc. of the Purdue International Compressor
Engineering Conference, Volume I, pp. 807-814, 2000.

[22] P. Howell, “Fluid mechanical modeling of the scroll compressor”, Mathematics for Science
and Engineering, Cambridge University Press, Cambridge, UK, pp. 32-56, 2001.

[23] L. Liansheng, “Scroll compressors. Mechanical industry”, Beijing, China, 1998.

[24] C. Schein and R. Radermacher, “Scroll compressor simulation model”, Journal of
Engineering for Gas Turbines and Power of ASME, 123, pp. 217-225, 2001.

[25] Y. Youn, N.-K. Cho, B.-C. Lee, and M.-K. Min, “The characteristics of tip leakage in
scroll compressors for air conditioners”, in Proc. of the Purdue International Compressor
Engineering Conference, VVolume I, pp. 797-805, 2000.

[26] T. Yanagisawa and T. Shimizu, “Leakage losses with a rolling piston type rotary
compressor Il - leakage losses through clearances on rolling piston faces”, International
Journal of Refrigeration, 8, pp. 152-158, 1985.

[27] E. W. Lemmon, M. O. McLinden, and M. L. Huber, “REFPROP 8.0”, NIST, MD, USA.

[28] Y. C. Chang, “Family design of scroll Compressors with Optimization”, National Chiao
Tung University, Ph.D. Dissertation, 2007.

[29] Hsiao et al., “Scroll compressor with back pressure regulation mechanism”, U.S. Patent
6,368,088Bl, 2002.

[30] Y. Tang and C. Hung, “Study of a novel compliant suspension mechanism in low side type
scroll compressor”, in Proc. of the Purdue International Compressor Engineering
Conference, C1302, 2008,.

102


http://140.113.39.244:2063/science?_ob=ArticleURL&_udi=B6V1Y-4SNWW85-1&_user=1194694&_coverDate=04%2F30%2F2009&_alid=925927847&_rdoc=24&_fmt=high&_orig=mlkt&_cdi=5687&_sort=v&_st=17&_docanchor=&view=c&_ct=79&_acct=C000051941&_version=1&_urlVersion=0&_userid=1194694&md5=2afdc85a72b792efe88f2632383610de#bbib11

[31] K. Tojo, M. Ikegawa, N. Maeda, S. Machida, M. Shiibayashi, and N. Uchikawa,
“Computer modeling of scroll compressor with self adjusting back-pressure mechanism”, in
Proc. of the International Compressor Engineering Conference at Purdue, pp. 872-885,
1986.

[32] K. Suefuji, M. Shiibayashi, and K. Tojo, “Performance analysis of hermetic scroll
compressor”, in Proc. of the International Compressor Engineering Conference at Purdue,
pp. 75-84, 1992.

[33] J. W. Bush, D. K. Haller, and C. R. Galante, “General stability and design specification
of the back-pressure supported axially compliant orbiting scroll”, in Proc. of the
International Compressor Engineering Conference at Purdue, pp. 853-860, 1992.

[34] A. J. Marchese, “Dynamics of an orbiting scroll with axial compliance, Part 2 experimental
techniques”, in proc. of the International Compressor Engineering Conference at Purdue,
pp. 871-882, 1992.

[35] J. Lee, S. Kim, S. Lee, and Y. Park, “Investigation of axial compliance mechanism in
scroll compressor”, in proc. of the International Compressor Engineering Conference at
Purdue, pp. 459-464, 1996.

[36]Y. C. Park, Y. Kim, and H. Cho, “Thermodynamic analysis on the performance of a
variable speed scroll compressor with refrigerant injection”, International Journal of
Refrigeration, 25, pp. 1072-1082, 2002.

[37] ANSYS, ANSYS Workbench V.12 help.

[38] ASHRAE Standard ANSI/AHRAE-23, “ASHRAE Method of Testing for Rating Positive
Refrigerant Compressor and Condenser Units”, 1993.

[39] S. Devotta, A. S. Padalkar, N. K. Sane, “Performance assessment of HCFC-22 window air
conditioner retrofitted with R-407C”, Applied Thermal Engineering, 25, pp. 2937-2949,
2005.

[40] K. Park and D. Jung, “Performance of heat pumps charged with R170/R290 mixture”,
Applied Energy, 86, pp. 2598-2603, 2009.

[41] B. O. Bolaji, “Experimental analysis of reciprocating compressor performance with
eco-friendly refrigerants”, in Proc. of the Institution of Mechanical Engineers Part A: Journal
of Power and Energy, 224, pp. 781-786, 2010.

[42] M. Fatouh, T. A. Ibrahim, and A. Mostafa, “Performance assessment of a direct
expansion air conditioner working with R407C as an R22 alternative”, Applied Thermal
Engineering, 30, pp. 127-133, 2010.

[43] B. O. Bolaji, “Investigating the performance of some environment-friendly refrigerants as
alternative to R12 in vapor compression refrigeration system”, Ph.D. Thesis, Department of
Mechanical Engineering, Federal University of Technology, Akure, Nigeria, 2008.

[44] W. Chen, “A comparative study on the performance and environmental characteristics of
R410A and R22 residential air conditioners”, Applied Thermal Engineering, 28, pp. 1-7,

103



2008.

[45] E. Torrella, R. Cabello, D. Sanchez, J. A. Larumbe, and R. Llopis, “On-site study of
R22 substitution for HFC non-azeotropic blends (R417A, R422D) on a water chiller of a
centralized HVAC system”, Energy and Buildings, 42, pp. 1561-1566, 2010.

[46] Bitzer, Refrigerant Report, 13th ed., Bitzer International, 71065 Sindelfingen, Germany,
2007, http://www.bitzer.de (accessed 24.06.07).

[47] B. O. Bolaji, “Performance analysis of R12 alternatives in adiabatic capillary tube of a
vapour compression refrigeration system”, Engineering Review, 0, pp. 83-90, 2010.

[48] ARI, Soft-optimized system tests conducted with several possible R22 and R502
alternatives, Air-conditioning and Refrigeration Institute (ARI), Arlington, Virginia, USA,
1997.

[49] J. Fernandez-Seara, F. J. Uhia, R. Diz, and J. A. Dopazo, “Vapour condensation of R22

retrofit substitutes R417A, R422A and R422D on CuNi turbo C tubes”, International
Journal of Refrigeration, 33, pp. 148-157, 2010.

[50] C. Aprea and A. Greco, “An exergetic analysis of R22 substitution”, Applied Thermal
Engineering, 22, pp. 1455-1469, 2002.

[51] C. Aprea, F. D. Rossi, A. Greco, and C. Renno, “Refrigeration plant exergetic analysis

varying the compressor capacity”, International Journal of Energy Research, 27, pp.
653-669, 2003.

[52] N. Ishii, K. Bird, K. Sano, M. Oono, S. lwamura, and T. Otukura, “Refrigerant leakage
flow evaluation for scroll compressors”, in Proc. of the International Compressor
Engineering Conference at Purdue, Vol. Il, pp. 633-638, 1996.

[53] S. G. Kandlikar, “Roughness effects at microscale — reassessing Nikuradse’s experiments
on liquid flow in rough tubes”, Bulletin of the Polish Academy of Science, Technical
Sciences, 53, 2005.

[54] N. Ishii, S. Yamamoto, K. Sano, K. Sawali, A. Hiwata, T. Nakamoto, and H. Kawano,
“Efficiency simulations of a compact CO; scroll compressor and its comparison with same
cooling capacity R410A scroll compressor”, in Proc. of the International Compressor
Engineering Conference at Purdue, C22-2, 2002.

[55] N. Ishii, S. Kawamura, S. Yamamoto, K. Sawai, A. Hiwata, T. Nakamoto, H. Kawano,
and K. S. Ting, “Efficiency simulations with consideration of heat losses of R410 compact
scroll compressor for its optimal performance”, in Proc. of the International Compressor
Engineering Conference at Purdue, C22-3, 2002.

[56] N. Ishii, M. Sakai, K. Sano, S. Yamamoto, and T. Otokura, “A fundamental optimum
design for high mechanical and volumetric efficiency of compact scroll compressors”, in
Proc. of the International Compressor Engineering Conference at Purdue”, Vol. 11, pp.
639-644, 1996.

[57] T. Oku, K. Anami, N. Ishii, C. W. Knisely, K. Yasuda, K. Sawai, K. Sano, and T.

104



Morimoto, “Gas leakage in CO; and R22 scroll compressors and its use in simulations of
optimal performance”, in Proc. of the International Conference on Compressors and their
Systems, pp. 403-412, 2005.

105



APPENDIX A-Patent research of axial-compliant sealing

Patent research of axial-compliant sealing
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AX|aI -compliance patent list

Item As .___7___""-- — Types Sealing Element Back gas pressure on orbiting scroll Back gas pressure on fixed scroll | Pressing element
Assignees —
1 Individual Persons US 5833442 US 3874827
2 Us 3 US 3884599
Us 3 US 3994633
) - US 3
Arthur D Little Us 3
US 4199308
US 4395205
3 US 4487560 Us US 5829959
U US 6174150
Hitachi Lid. U US 6589035
Us -15%‘ 20
US 4861245
4 US 44135317
Trane Co. US 4416597
US 4462771
5 US 4437820 US 5082432
US 4453899
US 4460321
US 4627799
US 4701115
US 4722676
Sanden Corp.
US 5122041
US 5702241
US 6126421
US 612 2 4522575
6 American Standard Inc. S - el
7 US 5743720 US 4846639
Mitsubishi Denki Kabushiki Kaichs S 554
8 Toshibe US 4696630
9 US 4767293
Copeland
10 Iwata Air Comperessor Co.
(Anest Iwata Corp.)
11 US 4884955 US 5383772
Tecumseh
UsS 6
12 US 5383772 U
L}
LS
Carrier Corp. U
U
US 6149413
US 6517332
13 Us 5076771
in S 5364247
Toyoda US 5545020
US 5547353
14 US 6585501 US 5186616
MHI US 5257920
US 5447418
5 S A0T4185
= General Motor Corp. US 6074185
16 Sanyo Electric Co. US 5252046 US 5242284
17 S 5277563
S 5474433
ITRI US 5527166
US 6048184
US 6368088
15 S 5487653

Goldstar Co.

US 5540572
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9 | . . P, US 5562434 US 5848883 US 5520526
fatsushita Electric Industrial Co., L 1S 5630712 1S 5051272
2 LG Electronics , Inc.
2 ST US 5580228
Nippondenso Co. US 6074141
0 S 6030192
2 Bristol Compressors, Inc. US 603019
23 Mg @yt T US 5632612
Air Squared, Inc. US 6511308
24 US 5989000 US 6300197
US 6077057 US 6416301
Scroll Technologies [Zsf 224059
25 Varian, Inc. US 6068459
26 Mind Tech Corp. US 6071101
i Rechi Precision Co., Ltd. US 6537044 US 6257852
28 . _ US 6389837
Fuptsu General, Ltd.
US 6561776
29 Dakin Industries, Ltd. US 6533561 US 6514060
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APPENDIX B-Mathematical model of sealing path

Mathematical model of sealing path
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B-1 Scroll profile

As the involute curve is generated on the basis of a base circle (see Fig. A-1),
the mathematical equations for the involute curve can be obtained using simple
trigonometry. The equations can be obtained by referring to the following figure.

The involute starts from the base circle.

p <

Involute
curve

CXc .Yo)

G MP(XY)

Fig. B-1 Development of involute curve

From two similar triangles, we obtain the following:

Xc =rcosd X = Xc+ssin@
and (B-1)
Yc=rsin@ Y =Yc —scosé

Here, s=r@

Then, the curve can be defined as
X =rcosé+résinf
Y =rsind—r@cos b
The above equation can represent a moving line for a cutting tool (see the following figure).

(B-2)

The tooling radius is set as k, following equation (A-2), and the scroll wrap profile can be
defined as follows:
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Cutting

Base
Circle

Scro
warp

Fig. B-2 Movement path of cutting tool

The center of the cutting tool is S, (XY, ) ; then, the path can be represented as

R = Xi| _|rcosg+rgsing
LY, || rsing—rgcong (B-3)

The coordinate of any point on the outer surface of the cutting tool can be represented as

R - X, _|kcos@
*lY, | |ksing (B-4)
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Fig. B-3 Coordinate of any point on outer surface of cutting tool

Thus, coordinate Ss is transferred to the fixed coordinate S; as

_{Xl + Xs} _{rcos¢+ résin g + kcosﬂ

oYY, rsing—rgcos ¢+ ksin ¢ (B-5)
The scroll is fixed (the velocity is 0 ) while the tool moves with velocity V»
r¢cos
Vz=%=ﬂd—¢=w&=w ¢. ? (B-6)
dt  dg dt  dg [rgsing
V,, =V, -V, = _w{mﬁ cos ﬂ
résin g (B-7)

112



Then,

. —Ccoséd
' =sing (B-8)

From the theory on involute gear meshing, we obtain
n eV, =0 (B-9)

From equation (A-8) & (A-7), we obtain the result as follows:

rgcos(d—¢) =0 or 0=¢ (B-10)

The above equation is the round cutter and scroll meshing function.
From the above equations, we can express the fixed scroll wrap functions as follows:

o, I, COS ¢ + I,@sin @ + r cos &
I, Sin ¢ — r,gcong + rsin @

0=¢

(B-11)

As the cutting tool forms the inner and outer scroll wrap profiles simultaneously, the inner
cutting point is opposite to the outer cutting point and they are angled 180° from each other.
Then, they can be represented as

io

- {rb COS @+ I $Sin ¢ + I CoS 6’}

r, Sin ¢ —r,gcong + rsin (B-12)
0=¢
Further,
|, cosg+rgsing+rcos(6 + )
© 1 r sing—r,gcong +rsin(@ + ) (B-13)

0=¢

The orbiting scroll is moving around the fixed scroll, and thus, the equations of the orbiting
scroll can be represented as
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1. Inner orbiting scroll profile:

I COS@+T.@Sing+rcosd
Roi = [Mtb ° - ¢ b¢ ¢ H + [Rﬂ]
I, sing —r,gcong+rsin @

| 1,cos(¢+ D)+ rgsin(¢+ @) +rcos(d + D) + L, cos B
| 1, sin(¢+ D) —r,pcos(¢+ D) +rsin(@+ D) + L, sin S
0=¢

(B-14)

In this equation, the assembly phase angle of the fixed scroll and the orbiting scroll is® and the
orbiting bias is L. The orbiting angle of the orbiting scroll is g .

In addition, the transfer matrix ([M,,]) and the moving vector of the orbiting scroll ([R,]) are

[Mrb]:

{cos ® -sin db}
(B-15)

sin® cosd

and
L cos g
[R/;]{Lsinﬁ} (B-16)

2. Outer orbiting scroll profile:

R, = [Mq,{rb cc?s¢+ @ sin ¢ + rc_os 9} s [Rﬂ]

I, sin g —r,gcong + r sin
o cos(¢ + @) + r,gsin(¢ + @) + rcos(@ + ® + x) + Lcos S
| 1, sin(g + @) —r,pcos(p + @) + rsin(@ +  + z) + Lsin g (B-17)

0=¢
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B-2 Contact analysis of scrolls

From the definition of meshing equations, we know that the condition of scroll contact is that the
scroll profile position vector should equal the scroll profile normal vector at the contact point.
Further, the scroll profile position vector should equal the scroll profile tangential vector at the
contact point.

Ri =R, (B-18)
Ny =N, (B-19)
T T
7, :.§T0:>—fzz_—fy=f (B-20)
0X oy

Fixed scroll outer profile contact with orbiting scroll inner profile:

Rfo = Roi =
I, COS @, + 1@, Sin @ + rcos o, = r, cos(g, + D) + r,¢, sin(g, + ) —rcos(d, + @) + Lcos g
I, Sing, —1,¢ cos¢@ +rsiné, =r, sin(g, + D) —r,¢, cos(g, + @) —rsin(6, + ®)+ Lsin g

and (B-21)
‘91 = ¢1
94 = ¢4

For the tangent vector of fixed scroll and orbiting scroll at the contact point,

Ry =Ry,
Ko = Ko
Yio = Yoi
XKy OV (8-22)
00, 3 00,,
Koi - Oy
00, 00,

oi oi

Fixed scroll inner profile contact with orbiting scroll outer profile:
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Rfi = Roo =

{rb COS @, + I,@, Sin g, + I COS &, = 1, COS(¢; + D) + 1, ¢, SiN(¢h, + D) + r cos(@, + P) + L cos ,B}

I, sing, — @, Cos ¢, + rsin @, =r, sin(g, + ®) —r,é, cos(¢, + ®) + rsin(g, + ®) + Lsin g

and
92 = ¢2
93 = ¢3

(B-23)

For the tangent vector of the fixed scroll and the orbiting scroll at the contact point,

R =Rgo
X =Xo
Yii =Yoo
OXy  OYy
00, - 00,
Xy OYq,
00 00

00 00

(B-24)

The above equations can make up the contact equation, which are non-linear simultaneous

equations. The unknowns are % : ¢, ,¢3 ,¢4 : 91,‘92 ) 03 , ‘94, L, @, andﬂ. If the orbiting angle (5)

and the orbiting bias (L) are given, the contact coordinate can be calculated.
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B-3 Sealing line calculation

According to the above contact analysis, the radial sealing line is the involute line between two
contact points. Further, this involute line section can be called the radial leakage line.

Base Circle
Contact Point

Fixed Scroll

Orbiting Scroll

A 4

Orbiting
Angle

Fig. B-4 Inner and outer profiles of fixed scroll

[dL| = Al = Jdx® + dy® = \/(%j + (ﬂj dg (B-25)

dg) \dg

From the involute extension angles (¢, , 9, , é,, ¢, ), the length of a sealing line between two
angles ¢, and ¢, can be calculated as

Cf(axY (dyY
"M@J [ o ®:29)

To simplify the calculation, the leakage line is based on half-ring leakage paths that are
equivalent to the original involute leakage line. The scroll wrap thickness (t) is equivalent to the
mean radius (rm) = the half-wrap thickness (t/2), whereas the mean radius (rm) is /21 (Fig. 3).
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—» Radial leakage

—> Flank leakage Inner Leakage Path (r)

Inner Leakage Path (r,)

,///////;,/, /f’ /
/ >4

I It
R =~ —r = —— _
' 2 oF 2r 2 (B-27)
R_L+rﬂ_—l—+£
o T 5 T o7 2 (B-28)

B-4 Case study of sealing line calculation:

Table B- 1 Scroll parameters

Parameter Value
Base circle radius (r,) 1.9099 (mm)
Bias eccentricity (L) 3 (mm)
Orbiting angle () 120°
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Fig. B-6 Orbiting angle (r) from 60° to 120°
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Outer line

" Inner line

\ \%)mq

/N = IFISh

Fig. B-8 Section of center sealing line (black curve)
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% 1 2 h+m 1
Lleakagecenter = J.rb¢ﬁ¢ = Erb¢ L& = rb7z¢ + E f

4

¢, = 45° + 360° + 84° = 489°
¢, = ¢, + 7 = 669°

Lleakage,center = rb7z'¢1 + % rbﬂ'z = 60637(mm)

R - 60637 3 g,
27 2
R, == 60.637 + E =11.15
27 2
Lleakagecircle = 272—? = 27T X (wj = 60632
L =L

leakagecenter leakagecircle

2

(B-29)

(B-30)

(B-31)

The calculate error of the length of circle leakage path and involute leakage path:

(60.637-60.632)/100=0.00005%
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APPENDIX C- Computer added engineering (CAE) for the scroll deformation

Computer added engineering (CAE) for the
scroll deformation
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C-1 Introduction

The computer added engineering (CAE) method was introduced to check the deformations of
scrolls caused by the compressed refrigerant pressure and temperature. First of all, once the
profile of fixed scroll and the orbiting scroll was designed, the compression chamber limited the
deformation of scroll by the pressure and thermal condition (also called operating condition).
Second, here, the presented CAE simulations for the understanding to the interference by scroll
deformation. The results help to determine the thickness of soft surface coating on scrolls. For
this coating, after the run-in of the scroll compressor, the scrolls will built its optimum axial
clearance. In this dissertation, the optimum axial clearance maintained by the axial-compliance
mechanism (ACM) was checked by the finite element method. All the scroll designs has
consider the coating engineering. The following sections will show a case study for finding the

suitable coating thickness (20 x m).

C-2 Boundary conditions

The boundary conditions of compression chamber pressures and temperatures were
calculated by the software, STC-performance simulation package, and the harsh condition is the
moment of discharge. The boundary condition on compression chambers is shown in Fig. C-1.
From the center of the scroll to the outer side, the pressure and temperature are distributed as
high to low by radial direction. In this study, the high pressure is the discharge pressure of 8.6

MPa and the high temperature is the discharge temperature of 112°C. The low pressure and
temperature are suction situation of 3.2MPa and 20°C . The middle pressure condition is 6.8MPa.
The coordinate system is setting along the scroll profile by Z, X and Y (i.e.© ). And the positive

vertical direction (+Z) is downward to the feet of compressor (see fig. 1.1) as shown in fig. C-2.
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The material of the scrolls is FC300.

(b) Fixed scroll boundary conditions (a) Orbiting scroll boundary conditions

Fig. C- 1 The scroll chamber for boundary condition setting

p——

0.00 30.00 {mm)
[

15.00

Fig. C-2 The coordinate system setting
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C-3 Case study results

The simulation results shown in fig. C-3~fig.C-5.

Fig. C- 3 Simulation results |
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The z direction deformations of fixed scroll tip and base plate, the total deformations of fixed
scroll tip and base plate, the z direction deformations of orbiting scroll tip and base plate, the
total deformations of orbiting scroll tip and base plate, all of them are only thermal deformations

and deformations by both thermal and forces (from pressures).

Fig. C- 4 Simulation results 11
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Fig. C- 5 Simulation results 11

From the results of C-3~C-5, the interference of scrolls from the deformations can be
obtained as showing on fig. C-6~C-7. Also, the maximum deformation may within+0.02mm,
and the actual interference of scrolls may within 0.006mm.
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Fig. C- 6 The interference from deformations |
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Fig. C- 7 The interference from deformations |
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C-4 Discussions

From the case study, the thickness of soft coating of the scrolls can be found, and all of the
simulation results can help the compressor designer to design optimum scroll pumps by
considering the special run-in action of scrolls. That is to say, the axial —compliance mechanism
can only consider the axial forces balancing and adjustment under the steady-state thermal
conditions.
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APPENDIX D-Technical specifications of CO, compressor test rig

Technical specifications of CO,
Compressor test rig
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D-10BJECTIVE

ITRI needs calorimeters for testing the efficiency and lifespan of hermetic compressors using

CO; as the refrigerant. Key design criteria for the desired calorimeter operational range are as

follows:

® Operation in transcritical pressure region, i.e., the suction pressure should be below the
critical pressure and the discharge pressure should be above the critical pressure

® Evaporation temperature range: -40°Cto +15°C.

® Suction superheat range: 0-32 K.

® Discharge pressure range: 70-160 bars.

This report describes a test stand for testing compressors in the desired operating range.

D-2 DESCRIPTION OF PROCESS CYCLE
The described test stand is nearly identical to the current SINTEF calorimeter. It was designed to

provide maximum flexibility with respect to testing aspects influencing CO, compressors, such as

those mentioned below.

® Variation of the suction and discharge pressure. Lower and upper limits are 10 bars and 150
bars, respectively

® Variation of the suction superheat from 0 to 50 K

® [ ubricant discharge separation and metering

® Dynamic pressure measurement in a compressor cylinder

® Measurement of compressor efficiencies

® CO, mass flow rates from 0.1 to 2 kg/min

The test rig is primarily designed for gas cycle operation, i.e., operation in the superheated gas

region, as shown in Fig. D-2. See further explanation in section D-2. Operation with evaporation

is also possible, but the heating capacity and evaporator area (TB-2 and HX-2, Fig. D-1) are
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limiting factors in this respect.

The load stand consists of five main units:

® The process cycle loop

® The lubricant separation and return loop

® The heat rejection loop.

® The suction gas temperature adjustment loop

® The instrumentation, monitoring, and data acquisition system.

A schematic of the load stand demonstrating all significant components is shown in Fig. D-1, and

a description of the function of each unit is given later in this chapter.

LUBRICANT

RETURN

TIo—of

PRESSURED AIR SUPPLY

Y28 T18 Fiter-1

Fig. D-1 Schematic of load stand
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D-3 DESCRIPTION OF PROCESS CYCLE LOOPS
The process cycle loop is determined in three different pressure ranges:

1. The discharge pressure section, from state point 1 to state point 2 in Fig. D-1 and Fig. D-2, has
a maximum operating pressure of 15 MPa. This consists of an insulated stainless steel tube
with an OD/ID ratio of 8/6 (mm).

2. The intermediate pressure section, from state points 3 to 5, has a maximum operating pressure
of 10 MPa. It consists of lubricant separators OS1 and OS2 and heat exchanger HX-1 for
cooling or heating CO,, connected with a stainless steel tube with OD/ID of 10/8 (mm).

The separators OS-1 and OS-2 also perform the function of storing refrigerant gas and
dampening the pressure pulses created by the compressor. Typical operating pressure varies
between 7.5 and 9.0 MPa, and operating temperature range is between 35 and 100°C. If the
temperature goes below the critical temperature for CO,—31°C——condensation can occur in the
receivers and liquid CO, may be drained with the lubricant. The separators are not insulated, and
considerable heat loss can occur at high discharge temperature.

HX-1, from state points 4 to 5, is normally operated as a gas cooler and for calorimetric
calculation of CO, mass flow. To improve the calculation accuracy, it is essential to have as large
a temperature (enthalpy) differential as possible infout of the gas cooler. As can be seen in Fig.
D-2, the difference can be increased by insulating the separators. In our operation range, the
accuracy has been satisfactory without separator insulation. However, in a new test rig designed
for testing one-stage fractional HP size compressors only, insulating the separators is
recommended for increasing the temperature difference in HX-1.

With the present peripheral cooling/heating system, TB-1, it is also possible to increase the
CO, temperature in HX-1 (from 4-5) by heating the gas. This is useful in tests with low discharge

temperature because operation to the left of the saturation curve is undesirable during normal
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operation or if larger enthalpy difference is desired for improving the measurement accuracy.

3. The suction pressure section, from state points 6 to 1, has a maximum operating pressure of 10
MPa. It consists of a filter, Filter-1, and a heat exchanger, HX-2, connected with OD/ID 10/8
(mm) tubing.

Filter-1 serves as a potential CO; liquid droplet and lubricant separator.

HX-2 heats or cools the suction gas to the desired compressor inlet temperature.

12 4
2
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Fig. D-2 Normal process cycle with state point notation in a logarithmic-pressure enthalpy
diagram. The saturation border is shown in the left corner.

D-4 DATA ACQUISITION
All the sensors are connected to a data acquisition system including a monitoring computer.

The measured static values are logged by a Fluke 34970A data logger. An Excel-based data
acquisition and reduction program is used for processing and recording data. The dynamic values
are measured by means of a National Instruments data acquisition board (AT-MIO-16E_10)
linked to a Lab-windows/CV1 program in the PC.

The load stand is shown below.
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Fig. D-3Test rig for compressor long-term (life) testing
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