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Family design of scroll compressors with optimization

. : . Dr. Chinghua Hung
Student © Yu-Choung Chang Advisors - Dr. Ching-Huan Tseng

Institute of Mechanical Engineering

National Chiao Tung University

ABSTRACT

This dissertation proposes a systematic optimum design procedure for the scroll
type compressor (STC) family development. Based on engineering practices, an
optimization algorithm combined with interactive session and discrete variable design
has been carried out. The major [t 15 that over 80% of the common components
can be shared in the developed STC family.  The STC prototype’s performance will
be able to compete with other world-level commercial products.

The major procedures of the proposed s natic design include: (1) to propose
an innovative STC design structure, (2) based on the innovated STC structure, to build-
up and validate the performance simulation tools, (3) to implement a practical STC
family design process that combines with the optimization algorithm, (4) to evaluate
the prototype’s performance of the developed STC family.

The developed optimization algorithm comprises the non-linear objective function
definition and critical design parameters selection to identify the constraints that relate
to manufacturing and assembly limitations. An iterative process approach was
carried out with interactive session using the given set of discrete variables which were
decided by engineering experience.

Two case studies of STC family design with optimization have been put into

practice and prototyped. The first case of STC family design is used for constant

il



speed application, and based on the design specifications and the requirement of
sharing common as many components as possible. An equivalent STC operated at
variable speed and controlled by an inverter-fed motor, has been investigated in this
study also, and the efficiency is 12% higher than that of the first case of the STC
family.

In addition, an interior permanent magnet synchronous motor (IPMSM) has been
innovated to be used in the variable-speed STC. This IPMSM innovation
development is incorporated with function matrix, computer-aided engineering
simulation and patent around skills. Meanwhile, the newly developed IPMSM has
issued patents in Taiwan, mainland China and United States of America.

This study has built-up an effective systematic optimum design algorithm and
methodology in engineering practi In the meantime, the innovated design process
has been validated and put into STC family development. The results show that the

developed STCs can compete with other commercial products in the world.
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INTRODUCTION

1.1 Family Design

The design of families for commercial product has received considerable attention
from industry and academia in recent years. While designing a new family, the goal
is to standardize as many components as possible for those functions that are common
to the entire family. The use of commonality components typically helps in lowering
the complexity, cost and lead-time of product development. Kota et al. (2000) has
introduced the use of commonality components in product families and given a good
guideline to develop comy al products w 1ly design.

As the compressor industry is a huge volume market, the family design of
commercial products has evolved mto something more powerful than just a cost-
reduction method. It has bec stratcgic weapon in market competition
(McDermott and Stock, 1994). Very {ew papers have presented the related research
for compressor design with families up to now. Therefore, this work implemented the
family design approach combined with optimization and practical engineering skills to

develop a series of scroll-type compressor (STC) products for commercialization.

1.2 Optimum Design in Practice

It is a challenge for engineers to design efficiently and cost-effectively. The
computer-aided design and optimization processes can help in this regard. Figure 1.1
shows the basic optimum design process (Arora, 2004). This process forces the

designer to identify explicitly a set of design variables, an objective function to be



optimized, and the constraint functions for the system. Meanwhile, the optimization
process can substantially benefit from the designers experience and intuition in
formulating the problem and identifying the critical constraints. Thus the best
approach would be an optimum design process that is aided by the designer’s
interaction and the use of graphical display of various data and information to facilitate
the interactive decision-making process (Arora and Tseng, 1988).

Interactive design optimization algorithms are based on utilizing the designer’s
input during iterative process. They are in some sense open-ended algorithms in
which the designer can specify what needs to be done depending on the current design
conditions. The basic interactive optimum design process is shown in Fig. 1.2.

In many practical applications of optimization, the design variables for a problem
must be selected from a given sef lues: r example, compressor components
must be chosen from thosec that are commercially available.  This is related to discrete
variable optimization, which is esscntial (o economize on fabrication costs for the
design.

Therefore, not only the general optimization design algorithm includes multi-
variables, direct search, and inequality constraints, should be approached, but also the
interactive session with graphical display and discrete variable design optimization
skills to meet design requirement and manufacturing constraint, also have been

employed in this research to develop the STC family optimum design.

1.3 Scroll-type Compressor (STC)

Simplicity, higher efficiency, quiet operation and good reliability are the special
features of the scroll-type compressor (STC), which is one type of positive

displacement compressors and has been widely employed in residential and



commercial air-conditioning, refrigeration and heat-pump applications, as well as
automotive air-conditioning. It is said that the STC is the ideal candidate to
completely replace the reciprocating compressor. Thus the STC is selected as the
research target in this study.

The basic scroll concept has existed since 1886, when an Italian patent was issued
(Beseler, 1987), and the first American patent was granted in 1905 to Léon Creux, a
citizen of the Republic of France, who disclosed the practical device including two
interactive members each having an end plate and an involute spiral element or so-
called “scroll” (Léon Creux, 1905). The fixed scroll, is held stationary, while the
other, the orbiting scroll is made to orbit but not rotate, around a fixed point on the
stationary scroll. These two scroll members are typically a geometrically matched
pair and assembled with a 180" ase ~difference, in the meantime, they are
maintained angularly and radially offset so that both spiral elements interfit to make a
plurality of moving contacts. which crcate a series of contact pairs with symmetric,
crescent-shaped pockets, thenscarry the e be handled. There are two types of
contacts, which define these pockets formed between scroll members: line contacts
between spiral cylindrical surfaces and area contacts between plane surfaces. The
relative orbital motion of the two scroll members shifts the line contact along the spiral
cylindrical surfaces, therefore, the gas pockets change in volume. The volume of the
gas pockets increases or decreases depend on the direction of the orbital motion.
Therefore, the scroll-type apparatus is applicable to compress, expand or pump gases.

Figure 1.3 shows the operation principle of the STC and depicts the generation
principle of involute spiral elements, gas flow procession and moving contact status.
The suction gas enters the scroll unit at the periphery and is compressed progressively
into an increasingly smaller pocket as it moves from the periphery toward the center

discharge port of the stationary scroll from where it is discharged from the compressor.



There are no suction or discharge valves so that during compression, gas flow through
the compressor is continuous and all of the gas pockets are filled with gas in various
stages of compression. The resulting smooth flow of gas through the compressor
reduces gas pulsations and flow losses to a very low level. Therefore, no valve
disturbance and with perfectly force balance, results in a STC operated at low torque
pulsation, low noise and vibration levels, starting and restarting become easier. In
advance, due to the continuous flow of gas through the compressor and no valve losses
during suction and discharge operation, the volumetric efficiency and the operating
reliability of the STC are relatively high (Uchikawa et al., 1987).

Moreover, for a typical STC, the key parts consist of a fixed scroll, an orbiting
scroll, an Oldham coupling, an eccentric shaft, motor, and one set of compliant
mechanism only, such as shown Figel. This simplified structure presents
inherent high durability of-an additional advantage of STC with a minimal number of
movable parts.

Although the concept of a scroll machine been known for many years and has
been recognized as having several advantages for industrial applications, the scroll
apparatus was not commercialized successfully before the 1970’s, primarily because of
the requirement of high precision fabrication and assembly technology with low cost
for their key components—including fixed scroll, orbiting scroll, Oldham ring,
mainframe and crankshaft. The other critical issue is the STC requires special sealing
mechanism for refrigerant leak prevention and to get better efficiency in real operation
requirements.

In the 1970’s, Arthur D. Little, Inc. (ADL), best known for its research and
management consulting activities in U.S.A., which had resulted in the attractive usage
of scroll compressors in the world firstly and breathed new life into the old principle.

During this period, John E. McCullough, et al., the members of Scroll program of ADL,



disclosed nine U.S. patents (Young et al., 1975; McCullough et al. 1976; Hidden et al.,
1979) and presented two papers about the scroll machine development during this
decade (Moore, 1976; McCullough, 1979), which guide the technological growth and
put scroll machines into practice.

Based on the rapid advance in numerically controlled fabrication skills and
machines, the STC used for residential and commercial air-conditioning market has
been commercialized since the 1980°s.  Sanden Corp. was the first company to claim
the commercialization of STC. Its open-shaft compressors for automotive air-
conditioning applications entered the market in 1981 (Terauchi er al., 1984).
Thereafter, Hitachi Ltd. was the first company to enter the commercial air-conditioner
market using hermetic STC in 1983’s (Tojo et al., 1982). Trane Co. was the first
company going to production STC using in unitary commercial air-conditioning
equipment before the end of 1987 (Beseler, 1987). From 1988 up to now, the
Copeland Corp. has turned ST C theory into practical reality with mass production over
million units per year and has become the le in hermetic STC applications in the
world. Copeland Scroll® compressors employ many special design concepts to get
better performance and are easily brought to fabrication and assembly with low cost
(Caillat et al., 1988). At present, the overall production capacity of Copeland Scroll®
compressors exceeds 7 million units per year, shares more than 50% of total STC
market in the world, and has been overwhelmingly dominating the STC market.

Over 1700 US patents have been disclosed in STC products area during the years
1900~2006. Figure 1.5 presents the US patents growing trend during these years and
lists the major applicants companies. From the STC patent and market share analysis,
it shows that Copeland Corp. is the biggest competitor in STC’s world.

To develop the new STC product, the first objective is to do the patent around and

create a reliable sealing and moving mechanism structure. Thereafter, the designer



must build-up the know-how to get the balance between performance and cost for STC
commercialization.

The major contributions of this study on STC development include: (1) to propose
an innovative STC design structure that can be implemented, (2) based on the
innovated STC structure, to build-up the performance simulation tools and validate it,
(3) to create a practical family design procedure that combines with the optimization
method and the STC simulation package for using in STC commercial product
development and to further address this problem of balancing cost and manufacturing
effectiveness, (4) to implement the prototype’s performance of the developed STC

family can compete with that of Copeland Scroll® compressors.

1.4 Variable speed STC

A constant speed compressor used with single-phase or multi-phase alternating-
current (AC) induction motor, i and simple method. It is operated at one
specified rotating speed and supplics a delinite cooling capacity. A family of constant
speed STC is formed by a series of STC units shared with many common components,
and supplies multiple cooling capacities for a series of air-conditioners.

Traditionally, the air-conditioner with constant-speed STC is usually designed
with its rated working conditions or its maximum thermal loads. It means that this
kind of air-conditioner has a good performance only at one design point. In fact, the
working condition at which an air-conditioner operates is dependent on its real thermal
load. But the thermal load usually varies with the variety of environment temperature
while an air-conditioner works. In order to match the cooling capacity with the
variety of thermal load, the STC must be turned on and off according to the

temperature in the adjusted room and reflect that the STC is not operated at the usually



required condition point. Therefore, the energy consumption of STC with on/off
control is wasted too much. On the other hand, with the switching on and off, the
STC will be accompanied with loud noise and also induce large amplitude vibration to
the pipes and panels surrounding the compressor (Ishii, 1984). To improve the defect,
the most important way is to set up the air-conditioner ability to match the variety of
thermal load. Up to now, the best solution is using a compressor with variable-speed
to supply variable cooling capacity for the air-conditioner (Li et al., 2002).

A variable-speed compressor is the use of a variable speed motor and driven by
inverter-fed controller, to supply multiple cooling capacities to match the variety of
thermal load. It means one air-conditioning system driven by a variable speed
compressor, can replace a series of traditional compressors with constant speed. It
also depicts that one family of ¢ t specd STCs can be replaced by one set of
variable speed STC while the air-conditioner is inverter-fed controlled.

In other words, to consider a compiessor for variable speed operation, there is
always a question to wh Pesef compres: 1echanism is most suitable. If the
vibration problem is the major consideration item, the STC with low-level vibration
characteristics will be the most suitable candidate used for the variable speed air-
conditioning system (Ishii et al., 1988). The STC has many compression chambers,
which are simultaneously compressed at any speed and loading condition such as Fig.
1.3b shows. Therefore, the dynamic behavior in terms of minimal fluctuation in
speed and low levels of mechanical vibration are far below those of other types of
COMpressor.

Therefore, developing the variable speed STC also is one kind of family design
for STC products. The key technologies comprise to develop the compromise scroll
wrap, reliable mechanism, specified variable speed motor and inverter-fed driver, to

match with multiple cooling capacity requirements with higher efficiency. Based on



the developed STC family with constant speed, this study has implemented an
equivalent STC with variable speed to match with the series of required performance.
Meanwhile, the performance comparisons between constant speed and variable speed

of the developed STCs, also have been investigated.

1.5 Motor types and drivers used for variable speed STC

For improving the efficiency of a variable speed compressor, the efficiency of the
driving motor must be upgraded firstly. Traditionally, an AC induction motor with
three-phase (which has a squirrel cage rotor type and requires conductors) used in the
variable speed compressor, has many advantages which include simple structure, low
cost, and easy implemen in a wide ra f required capacity HVAC systems.
But their operating efficiency is lower than the synchronous motor with a rotor that is
mounted with permanent magncts (PMSM

The magnetic field of three-p! luction motor created by the stator windings
and the conductors in the rotor, a voltage is induced in the rotor and the current
produced by this induced voltage interacts with the magnetic field to produce torque.
However, in order to have the induced voltage and develop torque, the rotor must
rotate at a speed below that of magnetic field in stator. This relative difference
between synchronous speed and actual speed of rotor in operation is called “slip”
(Engelmann et al., 1995). The effect of the slip of the AC induction motor in
operation is power loss and reduced torque. It is the major limit of the three-phase
induction motor to get more operating efficiency.

PMSMs are free from induced losses, the stator structure is similar to that of a
three-phase AC induction motor and the rotor is mounted with multiple permanent

magnets. Based on the information supplied by the rotor position sensors, the



electronic controller decides which stator phases should be energized at any instant and
drive the rotor to rotate synchronously (Engelmann et al., 1995).

It is said the interior permanent magnet synchronous motor (IPMSM) can be
derived to larger torque and higher efficiency than AC induction motor and surface
permanent magnet (SPM) brushless motor (which is one type of PMSM) at same size
(Igata et al., 1998). Figure 1.6 has shown the embodiment of each configuration of
these three types of motor.

For the IPMSMs, there are already many patents in the world that relate to rotor
configuration and driving method. In this study, patent survey and innovative skill
have been used to develop a new configuration of the IPMSM, and the applied patent
has been granted in three areas as Taiwan, mainland China and United States of
America, respectively. the 1Mmes innovation of IPMSM has been
implemented in this study

To drive the IPMSM used for variable speed STC, a position-sensorless controller
combined with power electronic converter, i r, A/D converter and process control
microprocessor, is needed to develop in robustly (Mohan et al., 1995). The control
block diagram has shown as Fig. 1.7. In this study, the controller is supported by
Energy and Environment Research Laboratory (EEL) of Industrial Technology
Research Institute (ITRI) in Taiwan, and compatible with the developed STC to

achieve the required performance.



1.6 Dissertation Structure

A brief description of this dissertation content is given as follows. Chapter 1 is
the introductions about family design, optimum design, STC’s motivation, variable
speed STC with compatible motor and inverter-fed control. Chapter 2 depicts the
STC design model from patents and literatures review, and then proposes a new STC
design structure and a design model. Based on the research results, a computer
simulation package for STC development has been built-up also by this study. In
Chapter 3, a validation model for STC simulation package is described. Thereafter,
the experimental validation combined with the simulation results have been carried out
and discussed. Based on the developed STC mechanism structure and validated
design model, Chapter 4 the, 1 igation of STC family design used with
optimization algorithm that is created by this study.  The refrigerant is HCFC22 (R22)
and the STC family is operated at constant-speed. Following on the identical
optimum design algorithim’ that-Chapter 4 approached, three types of variable speed
STC with AC induction SPM mof IPMSM have been investigated in
Chapter 5. Meanwhile, the performance comparisons between constant-speed STC
family and variable-speed STC have been investigated also. At last, some
conclusions of this dissertation are made in Chapter 6.

In addition, the Appendix 1 introduces the detailed calculation inputs and outputs
of the developed STC simulation package. About the innovative processes and the
patent descriptions of the new IPMSM developed by this study, have also been

disclosed and summarized in the Appendix 2 of this dissertation.
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CHPATER 2

STC DESIGN MODEL

Starting to develop the scroll-type compressor (STC), a preferred design approach
should be understood ahead. The design configurations, sealing mechanism,
mathematical model of a hermetic STC, all will be introduced in this section.
Meanwhile, this study proposes a new available design structure and design model as
the research base, the computer simulation package for STC design has been created

also.

2.1 Design Configurations of STC

Two major configurations with different types of gas distribution housing are
used in scroll compressors: low side shell and high side shell.

Low side shell mear 1otor and 1] 11 set are located in suction pressure
side. The suction gas passes through the housing and into the chamber around the
compressor’s mechanism and motor. Conversely, the housing is filled with discharge
pressure in high side shell and the inlet is connected to the suction cavity of the scroll
set directly. Figure 2.1 has shown the schematics of these two types of STC.

The selection of shell configuration is a key determinant in STC design.
Different design configuration, the forces generated by the scroll set during the
compression process, leakage models, sealing mechanism, oil lubricating flow design,
temperature distribution, noise controlling strategy etc., will all be different. In 1992,
Richardson and Gatecliff presented the design requirements of the high side and the

low side structures of STC in detail and depicted the high side shell configuration has
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many advantages which include minimal suction gas heating and discharge pressure
pulses, simple axial and radial compliance mechanism, simple lubricant flow path
design and so on. But the motor is easily overheated under high compression ratio,
lower operating efficiency of STC due to working in high discharge temperature and
high oil circulation, which are not mentioned in the paper presented by Richardson and
Gatecliff. From the commercial products disclosed, almost STCs that get higher
efficiency were developed in low side shell.

Therefore, this study adopted the developed STC is operated at low side shell

configuration as Chang et al. (2003) presented.

2.2 Sealing mechanisms of STC

Figure 2.2 shows a schematic view that the scroll piece is acted on by major
forces at the time when fixed and orbiting scroll members are in compression motion
(Nieter et al., 1992; Bush er wl., 19 he axial resultant thrust forces F; to separate
the scrolls axially. The tangential resultant {force F» and the inertial resultant force
F,, will generate an overturn moment to make scroll members with unstable operation.
It is therefore conceivable that these three resultant forces must be effectively
overcome to prevent the compressed working fluid leakage severely from two scroll
members, and to operate the STC operation silently. Figure 2.3 shows the available
leakage path of pressurized gas during STC is in operation.  Leakage can occur at
the gaps on the flanks of the scroll (line contacts leakage) and between the tips of the
scroll and the opposing base plates (area contacts leakage).  Youn ef al. and Cho et
al., have analyzed the leakage characteristics of STC in the proceedings of the 2000
international compressor conference at Purdue.

In order to ensure higher efficiency, the internal leakage must be effectively

17



controlled in STC design. To minimize the tip and flank leakages of scroll wrap, the
characteristics of these leakages and the corresponding sealing compliant mechanisms
in STC, have to be analyzed. Compliant mechanisms not only enable the STC to
minimize the leakage clearance between scroll wraps, they also provide tolerance to
release solid contaminants and liquid slugs when STC is in compression. Nieter and
Barito have conducted the dynamics model of radial and axial compliant sealing
mechanisms used in STC in 1996. Compliance in radial direction can insure the
radial clearances at the flanks of the mating scroll wraps to minimize, and the axial
compliance is as approach to insure the axial clearances at the tips of the mating scroll

wraps to eliminate.

2.2.1 Radial compliant sealing mechan ;

Flank leakage can be controlled to a minimal through the use of very accurately
machined skill or by a radial compliant sealing imechanism that holds the scroll wrap of
the orbiting scroll compli rainst the s rap of the fixed scroll through radial
force while the compressor is in operation. This not only tends to keep the flanks of
scroll wrap constantly in contact, but also the radial compliance has the added benefit
to increase the resistance while the compression chambers have slugs or contaminants,
since the orbiting scroll can “unload” to some extent as it encounters obstacles or non-
uniform hydraulic pressures (Bush and Elson, 1988), in the meantime, this mechanism
can improve the function of lubrication (Caillat and Seibel, 1990).

Table 2.1 shows the patent list of U.S.A. about radial compliant sealing
mechanisms of the scroll machines. This study categorizes it to four types of radial
sealing mechanisms as: (1) Eccentric links, (2) Swing links, (3) Slider block, (4)

Driving bushing. The major embodiments of these radial compliant mechanisms
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have shown as Fig. 2.4 respectively (Muir et al., 1986; Butterworth, 1983; Fraser et al.,
1991; Caillat et al., 1990).

As Fig. 2.4 shows, the driving bushing is the simplest sealing mechanism to do as
the radial compliance. A prior art of driving bushing is selected as the radial
compliant sealing mechanism and built in the developed STC of this study, which
patent has passed the expiration date (Ekelof, 1933) and the mechanism is simplicity
such as Fig. 2.5 shows. The basic principle is a bushing with two parallel flat
surfaces and located on the crank pin of eccentric shaft so as to permit to move a little
in radial direction and push two scrolls to go in contact under influence of the
centrifugal force while the STC is in operation. Meanwhile, the orbiting scroll can be
unloaded to release the slugs or contaminants as the compression chambers encounter

non-uniform pressures.

2.2.2 Axial compliant sealing mechanisms

Tip leakage can be n edigitherb neans at the tips of the spiral or by a
pressure balance of axially compliant mechanism which forces the scrolls together
axially. Many advantages claimed for the latter type, such that the compliant feature
gives the compressor a superior tolerance for handling liquid or foreign material, the
pressure is released when the unit is shut down, allowing the STC to start unloaded
thereby improving durability and eliminating the friction loss.

Over hundred US patents disclosed the axial compliant sealing mechanisms of the
scroll machines, such as Table 2.2 shows. This study also has categorized four types
of axial sealing mechanisms as: (1) Located sealing means on the tips of scroll wrap, (2)
Inducing pressurized gas to the back of orbiting scroll, (3) Inducing pressurized gas to

the back of fixed scroll, (4) Located pressing members in the back of fixed scroll or
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orbiting scroll. The major embodiments of four types of axial compliant mechanisms
have shown as Fig. 2.6 respectively (McCullough et al., 1976; Tojo et al., 1982;
Anderson et al., 1992; Richardson et al., 1995) and all have commercial products of
STC in the market.

Simple mechanical structure is the merit of the four types axial sealing
mechanism of mentioned above. But located sealing means on the tips of scroll wrap
always have leakage path on the sides of sealing means, inducing pressurized gas to
the back of fixed scroll or orbiting scroll should generate greater force to overcome the
overturn moment such as Fig. 2.7 shows, using pressing members in the back of fixed
scroll or orbiting scroll have reliability problem. These axial sealing mechanisms all
should be modified better.

The author, Chang (1994, 2002, 2003) proposed a new and better axial
sealing mechanism with solid force as backpressure on the back of fixed scroll. It is
similar with the type of inducing pressurized gas to the back of fixed scroll, but the
backpressure applied to the fixed scroll is so orce to achieve tip-sealing behavior
during STC operation. Figure 2.8 shows the innovated structure and available

mechanisms.

2.2.3 Axial Sealing Mechanism with solid force

Figure 2.9 shows the developed STC with new axial sealing mechanism that is
disposed in the back of the fixed scroll member and composed of an isolating member
and a predetermined number of pressing members. The pressurized gas is induced to
the back of the pressing members in the isolating member for pushing the pressing
members. The fixed scroll is urged by the solid force from the pressing members to

move axially to remain in a close contact with the orbiting scroll so as to overcome the
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leak that takes place in the end surface between the two scroll members. The pressing
members may be one solid ring or multi-pins and located on the circumferential planar
surface of the back of the fixed scroll.

As Fig. 2.8 shows in detailed, the contact position of the pressing member can be
located at the outermost circumferential area, the anti-overturn arm of backpressure
force Fj on the fixed scroll member is therefore lengthened. The anti-overturn
moment of force F} so produced can become more flexible because of the solid force
and the anti-overturn arm length can all be tuned easily. As the result, the friction
loss of the operating scroll members can be minimized, meanwhile, the developed STC
operated more stably and at a lower noise. The author, Chang et al. (2003) has
introduced two STC practical embodiments with this new axial sealing mechanism
developed by this study, 18 fi tant speed, and the other is used for variable
speed drive, all presents very good performance.

Based on this new axial sealing design structure, this dissertation is to develop

the STC families in advar

2.3 Literatures review of STC Mathematical models

Many theoretical and experimental studies about STC mathematic models have
been introduced and verified in detail. The mathematic models can be categorized

into geometrical model, dynamics model and global analytical models.

2.3.1 Geometrical modeling of scroll wrap

Scroll wrap is an appropriate curve for an involute such as Fig. 1.3(a) shows. If
one unwraps a string from a circle, keeping the string taut, the end of the string will

trace out an involute spiral. To generate the orbiting and fixed scrolls, both with inner
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and outer spiral curves respectively, must be specified.

In 1984, Morishita and Sugihara, two engineering members of Mitsubishi Electric
Corporation in Japan, derived the geometrical model of scroll-type compressor in
detail. Their paper takes into account the geometric derivation of the scrolls which
comprises the curve generation of orbiting and fixed scroll wraps, the shape of the
discharge portion determined by cutter forming, the calculating volumes and areas
associated with the different compressing chambers and volume variation of
compressing chamber with respect to orbiting angle. In addition, the displacement
volume and built-in volume ratio are also given. The basic geometric derivations of

scroll wrap can all be obtained from their investigations.

2.3.2 Dynamics mode!

Due to the compression of pressurized gas, several forces are exerted on the
orbiting scroll and fixed scroll, as shown in Fig. 2.10. lkegawa et al. (1984), the STC
design group of Hitachi ) thave st he dynamic characteristics with the
defined backpressure model. Meanwhile, an experiment to investigate the proper
range of backpressure also has been carried out. From the studied results, it shows
the proper range of measured backpressure is about 105~110% of the calculated
backpressure, where the efficiency is near the maximum and stable operation can be
maintained. This force model has a controlled thrust force mechanism by self-
adjusting backpressure automatically on the plate of the orbiting scroll, which has been
claimed to U.S. patent by Tojo ef al. in 1982.

Morishita et al. (1986) and Ishii et al. (1986, 1988), have described the dynamic
behavior of the STC with fixed radius crank and variable radius crank mechanisms in

more detail. The equations of motion are established for the crankshaft, the scroll set
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and the Oldham coupling. The thrust bearing load, the friction, the torque and the
power to drive the STC, have all been investigated. The gas forces, overturning
forces, reaction forces, thrust forces and the moments, which act on the orbiting scroll,
Oldham ring and thrust bearing, are also clarified.

Additionally, the fundamental equation for the journal bearing which is applied to
the crank bearing, the forces acting on each lubricated element and the losses occurring
in each lubricated element have been investigated by Hayano et al. (1988) of Toshiba
Corp. in Japan.

Nevertheless the axial compliant sealing mechanism of the above studies were
focused on the mechanism of inducing pressurized gas to the back of orbiting scroll as
self-adjusting backpressure, the dynamics model also can be transferred easily to the

new axial sealing mechanisim whic! poscd by this study.

2.3.3 Analytical modeling

Bush et al. (1986) ar [latefal i ¢19 e research group of Copeland Co. in
U.S.A., introduced the developing global model of STC firstly, which includes
thermofluid model, dynamics analysis, energy balance and overall efficiency
predictions. Recently, Schein and Radermacher (2001), Chen et al. (2002), the
research groups of mechanical engineering of Maryland and Purdue universities of
U.S.A. respectively, have developed a more comprehensive model to simulate the
performance and operation of STC. The other STC developing group of Korea, Lee
and Kim (2001), has presented the overall structure of a computer program and the
calculation equations for STC performance estimation that they developed, which
includes simultaneous consideration of the compression process, dynamic behavior of

the moving parts, and heat transfer between the main compressor components. Ooi et
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al. (2004), the professor of Nanyang Technological University of Singapore, who
developed the fluid flow and heat transfer used with two-dimensional numerical model
in the working chamber of the STC. These literatures filled up the insufficiencies of
the overall mathematical models of STC.

Summarizing these literature studies mentioned above, combined with the
geometric modeling, dynamics modeling and the global analytical modeling of STC,
the overall computer simulation for STC design can be built. Chang et al. (2004)
have constructed a STC design model and implemented a computer simulation

package for STC development that is used in the current study.

2.4 The STC design mode!

While developing STC design model, the first step is to identify the
specifications of design requircments that will come from the operation conditions and
required performance of the aii- ng system. Fig. 2.11 shows the simplified
vapor-compression refrigeration cycle that is most widely used for defining a real air-
conditioning system and operating at steady conditions. It consists of four processes:

1-2  Polytropic compression in a compressor (for example: in a STC).

2-3 Approximate constant pressure heat rejection process in a condenser
3-4 Throttling in an expansion device or capillary tube

4-1 Approximate constant pressure heat absorption process in an evaporator

In a simple vapor-compression refrigeration cycle, the refrigerant enters the
compressor (STC) at state 1 as slightly superheated vapor and is compressed
polytropically to condenser pressure. = While this polytropic compression is
processing, the temperature of the refrigerant increases to well above the temperature

of the surrounding medium. The refrigerant then enters the condenser as superheated
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vapor at state 2 and leaves as subcooled liquid at state 3 as a result of heat rejection to
the surroundings. The temperature of the refrigerant at this state is still above the
temperature of the surroundings. The subcooled liquid refrigerant at state 3 is
throttled to the evaporator pressure by passing it through an expansion valve or
capillary tube and the temperature of the refrigerant drops below the temperature of the
refrigerated. The refrigerant enters the evaporator at state 4 as a low-quality saturated
mixture, and it completely evaporates by absorbing heat from the refrigerated space.
The refrigerant leaves the evaporator as superheated vapor and reenters the compressor
(STC), completing the cycle. Based on the definite cycle, the design model can be

derived in detail.

2.4.1 Cooling capacity and displaceme raluations

When the required cooling capacity 0. the operating conditions and the
£

properties of refrigerant arc define ass flow rate of the suction vapor inlet to the

STC, m,, and the suction volume rate, ¥, can be calculated as:

m = G —n) (2-1)
. m
V,= ps (2-2)

where h, and h,, are the enthalpies of refrigerant at evaporator inlet and outlet
respectively, and o, is the refrigerant density in the suction port of the STC. To

obtain the properties of the refrigerant, this study uses REFPROP 6.01 (1998).
At a specified operation speed @, and volumetric efficiency 77, , the

displacement volume of the STC, ¥, , can be estimated as follows:
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v 2,
V=t = (2-3)
77\/ .a)c 77\/ .a)c .pS

where volumetric efficiency, 7,, is defined as:

nv _ ms,h .[1_ {/nl ]: ms,h._ ml (2_4)

m mg,

A
The (heated) flow 771, from the suction gas inlet into the suction chamber of the

scroll pump is heated by the suction import pipe and suction baffle, a process simulated
in this investigation using two successive stages of turbulent flow-heated models.

In the first stage, external refrigerant flows into the compressor through a circular
tube and the heat transfer coefficient conforms to the Dittus-Boelter equation (Ozisik,
1977):

B

o.oz3|‘5 R . p% (2-5)
\ .

In the second simulated stage, the internal refrigerant flows over a flat plate into

the suction chamber for ¢ >ssion; and' t 1]l heat transfer coefficient conforms

to the Johnson-Rubesin equation (Ozisik, 1977):

h, = 0.0296-(%’)-&0‘8 P5 (2-6)
Then, the heated suction flow rate 71, can be evaluated.

As regards to the leakage flow rate, 71,, two types of leakage flow models have
been proposed. The end side leakage is caused by a clearance area between the tip
and bottom of the scroll wraps and has been given a useful model by Yanagisawa and
Shimizu (1985):

_ﬂé‘j(pi_po)

= 2.
" ey, In(r, /1) (2-7)

The flank surface leakage is caused by differential pressure between the

compression chambers that causes leakage to flow through a clearance area between
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two adjacent walls of the scroll wraps. This type of leakage flow rate can be depicted

using Chu et al.’s formulation (1978):

2 n+l
. 2n (. ) [ pu )"
ml,f:CAf pu.pu' ( J _[ ] (2'8)
n _1 pdw pdw
The leakage flow rate is obtained by
my; =ny, + ml,f (2-9)

Summarizing Egs. (2-1) to Egs. (2-9), the cooling capacity can be expressed as

Qc:nv'a)c'(hln_hout)'ps'Vd (2_10)
Using Morishita et al.’s (1984) derivation for the STC analytical model, the

displacement volume ¥, is obtained as follows:
= 2N =l (p, =20)-h, (2-11)

where N is the turn number of the scrolls and can be determined by scroll

wrap roll angle:
9. =360 - (N ‘ (2-12)

Therefore, the cooling capacity becomes

¢, _l)_l].ﬂ.pt (p, —2t)-he} (2-13)

Qc={m~wc-(hm—hou,)-ps}-{[zx%o y

As the refrigerant properties, operation conditions and the suction paths all can be
specified, the cooling capacity can be evaluated. While the refrigerant properties,
operation conditions and suction paths are assumed as the same, the cooling capacity
can be evaluated from four major design variables: ¢,, p,, ¢ and %,. Fig. 2.12
shows the geometrical definitions of these four relevant design variables, which are

used to define the basic dimension of the scroll set. It also illustrates how a series of

cooling capacities is obtained from tuning these four design variables under the same
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outside diameter limitation and within certain practical constraints.

2.4.2 Power consumptions estimations

The overall power consumptions is defined as:

P _ }?shaft — T;haft 'a)c

motor ~

(2-14)

77motor 77 motor

The motor efficiency can be obtained by the performance test with dynamometer.
The torque T, sapi 10 drive the STC is the sum of the torque that counters the tangential

bearing load and the friction moment of the bearing, which was derived in detail by

Morishita et al. (1986):

T :FBa"”or"‘z
={F,+F, +uFE+

t

(et iols) sied, +(—F +F2)cosﬁor}-rgr (2-15)

+ g Fpalp it Mg E gl + g F 5175
where 7, = % —t,1s the otbiting radms. The first term in { } of Eq. (2-15) represents
the gas compression force, the sccond term is the inertia force of acceleration (when
angular velocity is constant, F, =0), and the third term is the thrust-bearing friction

on the main frame. The fourth and fifth terms depict the frictional and inertia forces
of the Oldham ring. The last three terms indicate the friction moments of the driving
bush inside the orbiting scroll boss, main journal bearing and lower journal bearing,
respectively. In Eq. (2-15), the frictional coefficient of each journal bearing and the
Oldham coupling can all be collected by friction and wear tests (Bailey and Cutts,
1996).

Assuming the journal bearings and the Oldham coupling used in the developed

STCs are the same, it should be noted that this model makes it possible to obtain the
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motor efficiency and compressor speed, the several work losses and the torque 7,4,

and the overall power consumption £, , can be evaluated while the design variables
of p, and ¢ are defined. Meanwhile, the total power consumption to compress the
working fluid, the mechanical power consumption and the mechanical efficiency of the

STC can be given as:

P.=F,r, o (2-16)

Pshaﬁ = Tshaﬁ @, (2-17)

My = k. (2-18)
" })shaft

From the second law of thermodynamics leads to the determination of isentropic

compressor work as: (Cengel and B 1998

J

P =y, i

| ' (e-1)/x
s 7 o ] -1 (2-19)
K — A

P ‘

And the compression cfficiency defined
n.=— (2-20)

Note that the cooling capacity, compressor speed, the torque to drive the STC, the
efficiencies and the overall power consumption are offered, the coefficient of
performance based on electrical power input (COP,;) of the developing STC can be

obtained as:

el

cop, =2 (2-21)

motor

To summarize the above derivations, the STC computer simulation package has
been accomplished by the author and the colleagues of ITRI (Chang et al., 2004).

The design structure and the calculation flowchart developed by this study are shown

29



as Fig. 2.13 and Fig. 2.14, respectively. About the detailed calculation inputs and

outputs of this developed STC simulation package have been introduced in Appendix 1.

2.5 Conclusions

The study results of this section are summarized as below:

(1) A new STC configuration used with solid force as sealing compliant mechanism
has been innovated.

(2) The global analytical model of STC, which includes geometrical definition,
thermofluid simulation, dynamics analysis, energy balance and overall efficiency
predictions, has all been reviewed and systematized from prior literatures.

(3) A STC design model pardmetric’alg 1 has been constructed. Meanwhile,
a practical computer sinulation package for STC design has also been built-up
which can evaluate overall performance of S1C in detail.

(4) According to the market requi the C'OP,; has been selected as the basis of

STC performance descripticn. Mcanwhile, the COP,; is defined as the objective

function in this study for optimization approach.
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Table 2.1 Patents list of radial sealing mechanisms of STC in U.S.A

. Types Eccentric Link Swing Link Slider Block | Driving Bushing
Assignees
US 3,011,694
Individual Persons US 3,560,119 US 3,567,348 US 1,906,142
US 3,600,114
US 3,924,977
US 3,986,799
US 3,994,633
. US 3,874,827 US 3,994,635
Arthur D. Little US 3.884.599 US 3.994.636 US 4,160,629
US 4,065,279
US 4,082,484
US 4,892,469
Trane Co. US 4,413,959
US 4,435,136
Sanden Corp. US 4,575,319 US 4,580,956
US 4,808,094
Sanyo US 4,838,773
American. Standard US 4,934,910
US 4,585,402
Mitsubishi Denki US 5,328,342 US 4,585,403
Kabushiki Kaisha US 5,433,589 US 4,715,796
iy, US 5,312,229
US 4,836,758
| US 4,954,057
i US 5,197,868
i US 5,295,813
- P US 5,378,129
Copeland S 09,334 | US 5.545.019
US 5,588,819
| US 5,772,416
US 5,931,649
US 6,264,445
. US 4,764,096
Matsushita Co. US 5.536.152 US 5,562,436
US 5,011,384
US 5,174,738
Carrier Corp. 82 2’8%’;% US 5.439.360
T US 5,496,157
US 5,496,158
Hitachi, Ltd. US 5,040,958
US 5,165,879
MHI US 5,199,862
US 5,582,513
US 5,174,739
Goldstar Co. US 5.520.527
Toyoda US 5,452,995
Nippondenso Co. US 5,575,635
US 6,053,714
. US 6,179,592
Scroll Technologies US 6.352.417
US 6,361,297
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Table 2.2 Patents list of axial sealing mechanisms of STC in U.S.A.

Types Sealing Means Pressurized gas to the back | Pressurized gas to the back Pressing member
Assignees g of Orbiting Scroll of Fixed Scroll &
Individual Persons US 5,833,442 US 3,874,827
US 3,986,799 US 3,994,633
Arthur D. Little US 3,994,635 US 3,994,636 82 g’ggj’ggg
US 4,199,308 US 4,395,205 o
- US43ST132US 436501 | US 38299%9
Hitachi, Ltd. US 4,487,560 Us 4:557:675 Us 4:596:520 US 6,174,150
US 4,861,245 US 6,589,035
Leybold-Heracus GmbH
Trane Co. US 4,415,317 US 4,416,597
US 4,462,771
US 4,437,820 US 4,453,899
US 4,460,321 US 4,627,799
US 4,701,115 US 4,722,676
Sanden Corp. US 4,753,583 US 4,890,987 US 5,082,432
US 4,968,232 US 5,122,041
US 5,702,241 US 6,126,421
American Standard Inc. | US 6,126,422 US 6,270,713 US 4,522,575
Mitsubishi Denki Kabushiki| US 4,564,343 US 4,732,550 US 5,743,720 US 5,800,142 US 4.846.639
Kaisha US 4,740,143 US 4,824,343 US 5,846,065 US 5,853,288 o
Toshiba US 4,696,630
US 4,767,293 US 4,877,382
Copeland US 5,102,316 US 5,156,539
US 5,482,450 US RE35216
US 5,580,230
Iwata Air Compressor Co. 3
(Anest Iwatz Corp.) US 4,86¢ N —_.{~?,)y(, l s
4,884 S 5,088,906
Tecumseh ! US 5,131,828 US 6,139,294 US 5,383,772
. F— =) ® 56,168,404
| US 4,938.669 US 4,992,032
US 4,993,928 US 5,040,956
umecan. | vl S s s
1'0S5.762.483 US 5,873,711
e | USoA9 S 6,517,332
US 5,07¢ 5.364,247
Toyoda US 5.54¢ B I
US 5,186,616 US 5,257,920
MHI US 6,585,501 US 5447418
US 5,226,233
General Motor Corp. US 6.074.185
Sanyo Electric Co. US 5,242,284
US 5,277,563
US 5,474,433
ITRI US 5,252,046 US 5,527,166
US 6,048,184
US 6,368,088
US 5,487,653
Goldstar Co. US 5.540.572
Matsuahita Co. US 5,562,434 82 gggggfg 82 ggg?%g
LG Electronics, Inc. Us 5’5%25‘63,52;}9? 451’523’757
Nippondenso Co. US 5,580,228 US 6,074,141
Bristol Compressors, Inc. US 5,588,820 US 5,593,295 US 6,030,192
Air Squared, Inc. US 5,632,612 US 6,511,308
US 5,989,000 US 6,077,057
Scroll Technologies US 6,171,008 US 6,224,059 US 6,309,197
US 6,290,478 US 6,527,528 US 6,416,301
US 6,554,592
Varian, Inc. US 6,068,459
Mind Tech Corp. US 6,071,101
Rechi. Precision Co., Ltd. US 6,537,044 US 6,257,852
Fujitsu General,.Ltd. US 6,389,837 US 6,561,776
Daikin Industries, Ltd. US 6,533,561 US 6,514,060
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Fig. 2.1 High side and low side configuration of STC
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Fig. 2.2 Major forces acting on the scroll set during compression operation
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Fig. 2.3 Internal leakage patterns of STC
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(d) Driving bushing (Issued by Copeland Co. in US 4,954,057 at Sep. 04, 1990)

Fig. 2.4 Major embodiments of radial compliant sealing mechanism of STC
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Fig. 2.5 Prior art of driving bushing used in the developed STC of this study
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(d) Pressing member
(Issued by Tecumseh Co. in US 5,383,772 at Jan. 24, 1995)

Fig. 2.6 Major embodiments of axial compliant sealing mechanism of STC
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Fig. 2.7 Prior art of guiding pressured fluid as backpressure on scroll member
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Fig. 2.8 The new STC schematic of this study proposed
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Fig. 2.9 STC Solid axial compliant sealing mechanism innovated by this study
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Fig. 2.10 Detailed forces exerted on the orbiting scroll (Ikegawa et al., 1984)

Discharge
pressure

Intermediate
%

Suction pressure

4 Fpo
)}

Backpressure
(Intermediate pressure)

Gas pressure

Backpressure po
Moment Ms

Resultant force

by backpressure

: axial gas force

: radial gas force

: tangential gas force

: gas force of the integration of pressure distribution

in suction pressure area

: cent force

: center of mas biting 11

: reaction force

: moment of force about tangential gas

: moment of force-about radial gas

: moment of force about axial gas

s distance between the action line of F and O,
: dist between the-acti e of R, and Ogn
: orbi

40



Condenser coils

Evaporator coils

Compressor B,
- @
-
- Fan {
- H T
*—  Fan 3 ) 4
Heat rejection Throttling device
to the surroundings

Heat absorption
from the refrigerated space

(a) Schematic of vapor compression refrigeration cycle

P (pressure)
A
aturated vapor
Subcooled liqui
1-2 polytropic compression process
3 (in compressor)
2-3 Approximate constant pressure heat rejection process
(in condenser unit)
} 3-4 Throttling process
4 / iion valve or capillary tube)
1 ) .
] \ 4=1"Ap; ate constant pressure heat absorption process
/ (3 y i
FSSupérheatedVayior b = ator uIllt)
Saturated liquid

#Li(enthalpy)

(b)-P-h diagram of'the cycle

Fig. 2.11 The simplificd refrigeration cycle for defining a real air-conditioner
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Fig. 2.13 The design structure of STC simulation tool

42



Boundary conditions &
Constraint definitions

l

Cooling capacity
requirement

l

-

Suction volume estimated

|

)

JR

Find scroll wrap dimensions

|

l

Various chamber areas &

volumes calculation

N|
]

Thermodynamics calculation
in compression process

% .

Dymnamic behavior
~alculation

Parameters
modification

i o

T

A

Operating conditions

STC structure

Refrigerant properties

Oil properties

Electricity requirements
Motor performance

Size constraints
Manufacturing constraints

Radius of base circle

Wrap pitch, thickness, height
Orbiting radius

Scroll extending angle

Suction gas mass flow model
Heat transfer model

| Leakage model

Gas heating model
Mass & Energy balance

orces & Moments of parts
'earing loads

Yimensions of moving parts
rictional loss

Aechanical efficiency
‘ompression efficiency
’olumetric efficiency
Motor efficiency
COP,,

l Yes

[ Design Output ]

Fig. 2.14 The flowchart for STC performance simulation in this study
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CHAPTER 3

THE STC DESIGN MODEL VALIDATION

To bring new STC products to market, the critical issue is to be able to create a
practical and validated computer simulation package. In this section, based on the
computer simulation package for estimating STC performance that this study
developed in Chapter 2, the experimental analysis with R22 refrigerant to validate the
results data of which the simulation tool calculated has been carried out. The
deviation between predicted and measured data of the verified STC is under 4%. As
a result, the validated STC simulation package can be used to guide the STC to

practical development.

3.1 Literatures Revieu

To validate the sim esults witl ite experiments is a very important
procedure to put in practice for STC commercial products development. DeBlois and
Stoeffler (1988) have taught the detailed techniques used for measuring pressure-crank
angle, pressure-volume and suction-compression-discharge processes of scroll
compressor. ~ The techniques feature the measurement of shaft speed and
instantaneous pressure within the scroll compressor chambers in conjunction with the
use of pressure and temperature measuring instrumentations, digital oscilloscope and
data acquisition system. Marchese (1992) exhibited an experimental effort to
measure the instantaneous pressure acting on an axially compliant orbiting scroll in
detail. Therefore, following on the experimental techniques described, a valuable

evaluating system to validate the STC simulation tool has been implemented in this
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investigation.

3.2 Experimental system description

Figure 3.1 shows the schematic of the laboratory prototype that is semi-hermetic
STC with low-side shell structure and applied with R22 refrigerant. Table 3.1 shows
the detailed items and functions of each measuring component used in this study that
are strategically located in the STC to measure and monitor the temperatures and
instantaneous pressures. The developed experimental system include 6 dynamic
pressure transducers, 18 K-type thermocouples, one set of proximity probe systems,
two pieces of high-pressure feed-through, one set of PC-based monitor systems
combined with a digital loscope, pow plifier, and data acquisition system
with high-speed.

Figure 3.2 describes the specified 18 temperatures and 6 pressures measuring
points that will be observed during iental validations. The 18 temperatures are
used to monitor the thermal status wside of the STC, to ensure the STC in operation is
stable and controllable. Table 3.2 lists the detail measuring positions of the 18
located thermocouples.

In particular, the measurement of instantaneous shaft speed and pressure within
the scroll elements are useful in understanding the details of the scroll compression
process. Six pressure measuring points are located to track continuously from
suction to discharge while the STC is in operation. The locations of these pressure
transducers should be tuned to precise position with no pressure leakage so as to make
sure the detected pressure data is stable and correct. Meanwhile, a magnetic position
sensor is used in conjunction with a shaft-mounted single-tooth gear to provide an

angular reference position and to trigger the oscilloscope and a second sensor is used is
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used in conjunction with a multi-tooth gear to provide instantaneous angular position

information. Figure 3.3 depicts the schematic of this pressure acquisition system and

Fig. 3.4 shows the photos of this laboratory STC embedded with several sensors and

located on the compressor calorimeter to do the validation test. Table 3.3 has

described the specifications of compressor calorimeter used in this experimental study.

3.3 Experimental Procedure

1.

While setting up the experimental system, every measuring instrument must be
calibrated, in the meantime, the laboratory STC prototype for testing ought to be
assembled and checked to be running properly. The STC has 18 located
thermocouples for n ring tempera at specified positions, 6 pressure
transducers to measurc operating pressure inside the compression chambers.

The second procedure is to check whether the high-pressure feed through has
leakage or not. In this stud; rized refrigerant gas with 10kgf/cm? is given
to do this check. Thercalier, readout information from data acquisition system
and digital scope, to verify the measuring data from 18 temperatures, 6 pressures
and power consumption is reliable and accurate.

Install the laboratory STC for testing in the calorimeter. Specified 6 operating
conditions as Table 3.4 listed have been carried out as the first stage calibration.
While the STC is in operation, the HP3852 data acquisition system acquired the
detecting data of temperature and pressure versus crankshaft angle position based
on 100kHz catch speed, and the measuring data have been collected into the
personal computer, in the meantime, the waveforms of pressure versus crankshaft
angle also have been plotted.

Analyze these measuring data and check the deviations between real detected and
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the calculated results.
Revise the experimental system and the developing STC simulation package, to
validate experiments continuously until the deviation of results between prediction

and measurement can be accepted in practice.

3.4 Experimental Results

3.4.1 First stage calibration

1.

At first stage calibration, the STC are working on lower pressure conditions as
conditions 1 and 2. Figure 3.5(a) shows the STC has over-compression
phenomenon while it is operating at 40Hz. The discharge pressure is raised to
20kgf/cm’ as conditions 3 and 4 [ operated at 60Hz. Note that the same results
of over-compression status have been shown as Fig. 3.5(b) and also presented that
the higher suction pressure of STC will produce higher over-compression pressure.
To make sure the over-compression prob! the STC is operated at conditions 5
and 6 with 50Hz and 60Hz, respectively. The over-compression appears as usual
even though the STC is driven at different crankshaft speeds. Figure 3.5(c) shows
the tested results.

Above experimental results depict the discharge port dimension of fixed scroll has
some problems because the over-compression is always present in spite of the STC
operating at lower pressure ratio or at higher pressure ratio conditions.
Furthermore, the results of above experiments also show that the captured pressure
from piezoelectric pressure transducers have the interlaced phenomenon during
intermediary pressured gas (P2, P3 locations) progress to higher pressure chambers
(P4, PS5 locations) in the compression process. This phenomenon expresses that

the locations of piezoelectric pressure transducers should be tuned so as to prevent
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the interference of pressure detection while the pressured gas is progressing.

3.4.2 Second stage validation

1.

After modifying the discharge port dimension and tuning the locations of P2~P5 of
the piezoelectric pressure transducers, the over-compression and interlaced
phenomenon are minimized such as Fig. 3.6 shows.

Based on above calibrations, Fig. 3.6 also depicts the comparison of pressure
versus crankshaft rotation angle between predicted results and measured results of
which the STC is operated at ARI conditions, that condition No. 1 of Table 3.5
shows. The acceptable deviation of results between computer simulation and
testing measurement is s! s Table 3.5

From Fig. 3.6 shows. the deviation of pressure versus crankshaft rotation angle
between predicted results and measured resulis is very small.  Meanwhile, Fig. 3.7
also shows the 18 tcmpcerature measurements data at six different operation
conditions, which in the ™ labor STC prototype has stable thermal
distribution within the compressor housing. This measurement data is extremely
valuable when used in predicting STC performance with the developed STC
simulation package.

As Table 3.5 shows the results, the maximum deviations of cooling capacity, power

consumption and COP,; between calculated results and real measured results are

1.31%, 2.89% and 3.89%, respectively.

3.5 Conclusions

The study results in this section are summarized below:

(1) A practical computer estimation package of STC has been constructed to evaluate
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overall performance of STC in detail.

(2) Using an on-line data acquisition system combined with experimental
measurement techniques, the pressures and temperatures during the compression
process can be captured to understand the details as the scrolls operate during the
compression process. Meanwhile, from the detecting data at first stage, the
experimental system has been calibrated accurately.

(3) After the calibration of temperature and pressure measurements, the validation
between calculated results and real measured data has been carried out. Finally,
the deviation of the verified STC’s performance between predicted results and
experimental measured results, are under 4%. It means the validated STC
simulation package that this study developed, can be used in the STC practical
design works.

(4) Based on the research results and technical facilities, the other validations about the
temperature distribution on scrolls and the distribution of the thermal deformation

on scrolls have been toached contint y by Lin et al. (2005) and given a

practical reference for the developed STC simulation tool.
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Table 3.1 The items and functions of measuring components and instruments.

Items & Functions Photos
1. T-type thermocouples and connectors: 7% e
Max. pressure rating is 400psi, v, S !

\A
e :

Operating temp. is — 45 ~ 150°C

2. PCB 111A20 Dynamic pressure transducers: Eora

Transducer

Pressure measuring range: Lo 4 —
. . i
(1) PCB 111A21: ~125psi, (2) PCB 111A26: ~500psi ¢ T s
i (optional)
S j ™ s
See Optional Models 4 ! L!A:::pﬁggf\oz
below Specifications. 248 Dia —»= r-—
218 Dia —=]

3. Bently Nevada 7200 proximity transducer system:
(1) High-pressure feed through:
Max. pressure rating is 400psi,
Operating temp. is — 45 ~ 121°C
(2) Proximity probe:
Power: -17.5 ~-26VDC
calibration range: 2 (80Mils)
Scale factor: 200MV/Mil,
Operating temperature: -34~177°C
(3) Proximitor:
Operating temperaturc: -51~100°C
Power: -17.5~-26V
Scale factor: 200MV/Mil

4. PC based monitor system:
Personal computer with 200Hz CPU,
PCB 482A10 Amplifying power unit,
HP 54602B digital scope operated at 150MHz,
HP 3852A Data acquisition system with 20channels.
HP 82341D HP-IB interface card.

5.0Others:
OMEGA Feed through: Max. pressure is 2000psi
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Table 3.2 The measuring points of temperatures

Symbols Measuring points Notes
T1  |Discharge port of scroll set .
- - - To measure the accurate discharge
T2  |Discharge port at isolating member )
- - - temperature after compression
Pressing members of axial sealing )
T3 i operation
mechanism
To monitor the fixed scroll
T4  |Back plate of fixed scroll o
temperature variations

. To monitor the orbiting scroll

T5  |Orbiting scroll plate o
temperature variations

T6  |Inside hole of motor stator
T7  [Upper side of motor stator coils To monitor the motor temperature
T8  |Middle side of motor stator coils variations
T9  |Lower side of motor stator coils
T10 |Lower journal bearing
T11  |Upper side o ngunembe To measure the accurate suction
T12 [Moddle side of igolating inember mperature before inlet to suction port
T13  |Lower side of 1solating member | of scroll set
T14  [Suction inlet of scroll set b
T15 |Driving bushing | )

— " — To measure each bearing temperature
T16 |Main journal ring o i ]

- i 1 11 1A variations and to monitor the oil
T17 |Upper side of motor stator
. supply status

T18 |Oil sump
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Table 3.3 The specifications of calorimeter used for measuring STC performance.

Items

Specifications

General description of system

According to ISO 917, this equipment is designed

for fully automatic measurements

Compressor loop refrigerant

R22

Capacity measuring range

1500W~12000W

Measuring method and required

accuracy

The background noise of

compressor chamber

(1)

2)

€)

(6) Repea

-_‘)—

The equipment is employed for the secondary
refrigerant system and liquid flow meter system.
The value of the estimated error for the cooling
capacity from the secondary refrigerant system
calculated should be lower than liquid flow
meter system.

The deviation of cooling capacity and COP,;
the
refrigerant and liquid flow meter system should
besy -4%.

Ihe accuracy of refrigerant flow-measuring
instruments should be within £1%

The accuracy of speed-measuring instruments
should be within £0.75%

ty < 1%

measuring results between secondary

< 40dBA when Fan is closed

Control items Range Stability
Compressor discharge pressure 10~30 kg/cm? + 0.1 kg/cm?
Compressor suction pressure 1.67~9.28 kg/cm® +0.15 kg/em®
Compressor suction temperature -25~50C +0.5C

52




Table 3.4 The operating conditions used for the first stage calibration.

Condition | Discharge pressure | Suction pressure | Motor operating frequency
No. (kgf/cm?) (kgf/cm?) (Hz)
1 10 2 40
2 10 2 60
3 20 4 60
4 20 5 60
5 20.86 5.36 50
6 20.86 5.36 60
Table 3.5 The comparisons between simulations and experimental measurements.
Operating Coc __‘(;a,puil y |-__ >r Consumption COP,
Conditions (W) (W) (W/W)
Evap. | Cond. Error Error Error
No. Comput. | Real Comput.| Real Comput.| Real
Temp. | Temp. (%) (%) (%)
1 | 7.2°C | 54.4°C | 9244.22 |9247.59|-0.04 | 3347.1 | 3329.4| 0.53 | 2.76 |2.78|-0.84
2 | 5.0C [40.0°C | 9890.50 |9938.53|-0.48 | 2493.7 | 2567.8 |-2.89 | 3.98 |3.87| 2.70
3 15.0C |[50.0°C | 9010.92 |9007.90| 0.03 | 3008.3 | 3038.4 |-0.99| 3.00 [2.97| 1.18
4 |5.0C | 60.0C | 7948.99 |7846.18| 1.31 | 3659.0 | 3751.1 |-0.02| 2.17 |2.09| 3.89
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Piezo sensors

Feedthrough
Amplifier

'% Thermocouples

4z PC-Based N

monitor system

HP-IB interface
card

| Feedthrough

Proximity probe
Proximitor

| Gear

Power supplier

HP-3852A
data acquisition
system

HP-54602B
KDigital scope )

(a) 18 thermocouple locations for

temperature measurements
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(b) 6 piezo sensor locations for pressure

Crank angle
position

Fig. 3.1 Experimental apparatus for S5TC model validation in this study

measurements

Fig. 3.2 Temperatures and pressures measuring locations for experimental validations



Digital oscilloscope
360° l

T

Piezoelectric
transducers

E Magnetic I -
‘ Proximity —
ﬁ sy \ E transducer
# k R % ) e i & —_—
= o BN

Fig, 3.3 Experimental schematic for measuring STC instantaneous pressures
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1
(c) Testing feature

Fig. 3.4 Photos of laboratory STC used for validation test in this study
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(a) The results of operating conditions 1 and 2
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(P4=20.86kgf/cm?, Ps=5.36kgf/cm?, operated at S0Hz) (Pq=20.86kgf/cm?, Ps=5.36kgf/cm?, operated at 60Hz)

(c) The results of operating conditions 5 and 6

Fig. 3.5 The experimental results at first stage validation
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Fig. 3.6 The comparison bet calcul results and measuring results
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Symbols | Units Condition No.
2 3 4 5 6
P</Pd kgf/crn2 2/10 2/10 4/20 5/20 5.36/20.86 | 5.36/20.86
fm Hz 40 60 60 60 50 60
Tl T 74.00 75.21 103.20 96.11 104.60 105.56
T2 C 68.11 70.22 92.10 84.33 91.50 92.11
T3 T 58.89 60.12 79.01 72.11 78.09 78.89
T4 T 67.33 72.23 89.20 81.56 89.10 89.78
T5 T 51.72 52.12 58.20 55.72 59.30 60.44
T6 T 63.89 65.41 83.20 72.78 84.00 85.00
T7 T 44.44 45.12 61.01 57.22 61.80 62.78
T8 T 62.78 63.12 80.21 71.11 81.21 82.22
T9 T 44.44 45.12 55.21 50.00 57.22 57.22
T10 C 43.44 43.89 51.20 50.33 51.92 53.94
T11 C 58.89 61.12 79.12 72.11 78.10 78.89
T12 T 53.67 54.18 65.78 60.56 65.01 65.56
T13 T 48.22 49.20 53.12 51.22 54.12 55.39
T14 T 33.67 33.91 35.01 34.44 35.89 36.67
T15 C 55 L4596.10 - 59.89 64.21 64.94
T16 T 48 __‘I __—_T‘__ ) 53.33 56.41 57.44
T17 C 43390 | 4417 L 51.20 48.78 52.12 53.22
T18 T 42.78 wiamdens ]—d 5020 49.61 51.91 53.22
120.00C B — v S w ———— ———
110.00 |- —o— Condiiton | Condition No.2 ~ —— Condition No.3
100.00 |2\, —><—?c No 4 - litif)n Np.S —o— C‘ond‘ition No.§
90.00 |
80.00 |-
70.00 |
60.00 |
50.00 |
40.00
30.00

Tl

18 Thermocouples location symbol of Fig. 3.2 depicted

T2 T3 T4 T5 T6 T7 T8 T9 TI0 T11 T12 T13 T14 T15 T16 T17 T18

Fig. 3.7 The 18 temperatures measurement data at 6 operating conditions
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CHAPTER 4

STC FAMILY DESIGN WITH OPTIMIZATION METHOD

One critical problem in the mass production of commercial STC is that their key
components—including fixed scroll, orbiting scroll, Oldham ring, mainframe and
crankshaft—all require the use of very high precision machining skills. To help in
lowering the complexity, cost and lead-time of product development, a systematic
design method with optimization for developing a family of STC is proposed. Such a
family design needs to meet two goals: (i) a series of STC with multi-specified cooling
capacities should have the same outside shell diameter and use common key parts or
casting molds, (i1) the pe 1ance of each fied capacity of the developed STC
should meet market requirements.

In addition to using the general design optimization model which includes multi-
variable, direct search and inequal tramts, both interactive session and discrete
variable design optimization skills have also been employed in this study.  Meanwhile,
based on the balance between cost, manufacturing effectiveness and product
performance, the STC family design used for a series of air-conditioners, has been
carried out, and the STC family with a range of 5200W~9800W in four models has
been implemented. The performance of each model is also verified and satisfies the

required objectives.

4.1 Literatures review

From a technical point of view, Etemad and Nieter (1989) provided a simple and

easily understood optimization design approach to evaluate the effect of three relevant
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physical parameters on manufacturing, design limitations and energy losses for STC.
Ooi (2005) presented a design optimization algorithm coupled with a mathematical
model of the rolling piston compressor by employing multi-variables, direct search and
constrained optimization technique. Although these two studies could provide some
guides for STC optimization design algorithm and design procedure, the details of
optimum design to put in practice were not demonstrated.

Kota et al. (2000) has introduced the use of commonality components in product
family design to help in lowering the complexity, cost and lead-time of product
development. In addition, Hernandez ef al. (2001) described a mathematical decision
model to carrying out a family design evaluation for absorption chiller development
that provided a guideline for the systematic design of a product family.

This paper proposcs a fa design  procedure that combines with the
optimization method (Aroia. 2004) and. the STC simulation package that this study

Lod - o1

developed to use in STC commercial product development.

4.2 Description of the design process

Fig. 2.9 lists the cross section and major components of a hermetic STC used in
this study. This STC’s structure consists of a low-pressure-shell design with a solid
axial compliance mechanism. The details of the STC design structure and the design
model, have been described in Chapter 2 of this dissertation.

In STC family design, the first decision of the design process is to select a
common outside diameter for the main shell of the STC. This selection is made based
on the inside space constraints of specified air-conditioners and the motor size that can
meet the torque requirements for the developed STC.

After the decision is made on the common outside diameter, the most important
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design process is to define the objective functions for the optimization approach. In
this study, the requirement is to obtain the maximum coefficient of performance based
on electrical power input (COP,) for each model of the developing STC family.

Therefore, the COP,; is selected as the objective function and defined as the ratio of

useful cooling capacity, O, , to the overall power consumption of the motor, £, :

cop, =2 (4-1)
motor
The next process is to define the design variables and related constraints, and then
evaluate the feasible dimensions and performance for each specified STC to meet these

requirements. To realize the controllable design variables and the constraint functions,

the following steps are carried

Step 1: Define the design variables that have the most effect on the cooling capacity,

Q. , and the overall power consumption of the motor, B, .

Qc:{ﬂv'a)c'(hin_hc ’ Jr7.(¢

—1]-7r-p[-(p,—2t)-he} (4-2)
L 360 4

[FBH '(pzt_t)“‘ZMB]a)c

By T @
motor - -
M motor M motor M motor (4_3)

Because the refrigerant properties, operation conditions and suction paths can all
be specified in the same family, the cooling capacity, O., can be evaluated from four

major design variables: ¢,, p,, ¢ and %,. In the meantime, the journal bearings
and the Oldham coupling used in the developed STC family are the same, so it should
be noted that this model makes it possible to obtain the motor efficiency and
compressor speed. Several work losses and the overall power consumption, £,,,, ,

can all be evaluated while the design variables of p, and ¢ are defined.
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Step 2: Set up the design constraints in order to meet the practical requirements of the
scroll wrap manufacture and STC assembly.

To communicate with the engineering experts, three constraints should be
considered. The rigidities of the scroll wrap and the cutting tool are the constraints
for scroll wrap manufacturing, and the outside diameter limits of the scroll is the
constraint for STC assembly. The correlations between design variables and

constraints are defined respectively as follows:

— he
w t (4-4)
j— he
"r" max L)"L oto1 551 (4-6)
From involute spiral definition (lkegawa et al., 1984), the outmost curve
coordinates that define ¥ Jmin Lequl outside diameter Dobfmm of the

orbiting scroll are formulated as

X, , =1,[cos(¢, ) + 4, sin(4,)]

Yy =1 [5in8,)— 6, cos(@,)] *+7)

where 7, = 2p—’, and Eq. (4-7) gives the limitation for ¢., p, as

Dnbﬁmin :2'\[)521770 +yjb70 :2'rb\/1+(¢r)2 :%\/1+(¢r)2 SDoimax’ (4-8)
pn/1+¢f S7TD, (4-9)

From Morishita et al.’s (1984) derivation and Eq. (2-12), the roll angle of the

scroll wrap is roughly obtained as

o
v -(3——2)+1
L ( 8 )

0° :
~ -360
¢, 5

(4-10)
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where the built-in volumetric ratio v, can be derived from the polytropic

y = (V_J _ (&J (4-11)
Vi 'z

in which p, and p, are the suction and discharge pressures defined by the

compression laws,

operation conditions depicted in Table 4.1 and Fig. 2.11. The polytropic index 7
can be measured by the laboratory experiment (DeBlois and Stoeffler, 1988), which
1.11 is selected for this study.

Egs. ((4-4) to (4-11)) clearly define the constraints of ¢,, p,, ¢ and 4, for the

STC family design.

Step 3: Select a proper and robust optimization algorithm to perform detailed
simulation and iteration, and to obtain the optimum solutions for practical applications.
Summarize the Eq. (4-2) ~ E ), the objective function requirement can be
defined as:
maximize COP, = f(¢.,p,,t,h,) (4-12)

and subjected to the constraints:

LowerLimits < G ,G.,D < UpperLimits (4-13)

ws T er o max
Since the objective function and constraints are non-linear, the suitable
optimization technique was a direct search method (Ooi, 2005). Meanwhile, the
design variables must monitor the progress and be selected from a given set of values
with practical experience. An algorithm combined with interactive session and
discrete variable design optimization (Arora, 2004), has been employed in the current

study. Fig. 4.1 depicts the optimization process.
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Interactive design optimization algorithms are based on utilizing the designer’s
input during the iterative process. They must be implemented into an interactive
environment to report the status of the calculation results and then the designer can
specify what needs to be done depending on the current design conditions. In this
study, an analysis module of STC simulation package and graphical display to draw
conclusions play a part in the decision making during the interactive optimization
process. Fig. 4.2 shows the basic simulation flowchart of the developed STC
computer package.

A design variable is called discrete if its value must be selected from a given finite
set of values to meet the parametric design requirements, fabrication limitations and
cost effectiveness. Therefore, ¢., p,, ¢ and h, of the four design variables is
given as discrete variables to put i actice.  In the meantime, the Equal Interval
Search technique (Arora, 2004 ) is used i this approach.

By using the optimization algorithm combined with the graphical solution method,
the feasible region of each design variable ¢ e identified. Finally, the optimum

solutions for this family design are obtained.

4.3 Case study of STC family design

The required operation conditions and specifications used in the case study of
STC family evaluation are given in Tables 4.1 and 4.2. The design constraints,
defined in Table 4.3, are based on the facility limitations and capabilities of
manufacturing and assembling STCs. An outside diameter of 139 mm for the motor

stator is selected as the design base.
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4.3.1 Initial design

First, the motor performance data must be collected from the motor supplier or
from experiments using the dynamometer. Under the specified operational conditions
(as defined in Table 1), the R22 refrigerant properties can be obtained from REFPROP
6.01 (1998).  Thereafter, the theoretical pressure ratio, mass flow rate and
displacement can be roughly calculated from Egs. ((2-1) to (2-3)). Based on the
suggestion of the scroll manufacturer, ¢t =2.5mm and ¢ =1050" are selected as
initial design values. Given the limitations of the outside motor diameter and

assembly tolerance, 100 mm is selected as the maximum outside diameter of the scroll

set.

Table 4.4 shows the initial design data in this STC family development. The
four design variables can be cvaluated fiom the equations outlined above using an
iterative process.

4.3.2 Search direction roach

The optimization approach used in this study first requires is that a search
direction for the multiple design variable variations should be identified. Figs. 4.3
and 4.4 illustrate the direction of the scroll wrap height, the sizes resulting from the

different steps in the search direction approach to meet cooling capacity requirements
under the constraints of D, ..,G, and G. based on the initial design data of

t=25mm and ¢, =1050". These results underscore three important outcomes of

using this approach:

(1) On the basis of one set of thickness ¢ and a roll angle @, of the scroll wrap
selections, Eq. (4-2), subjected to a change in the search direction of scroll height

h, matched with pitch p, of the scroll wrap, can fit to each required cooling
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capacity requirement. The allowances are listed in Table 4.4.

(2) For a specified cooling capacity requirement, increasing %,, G, and G, will

increase, but Dob_min reduce. To meet the constraints of

Doy in €D, o 100mm, G, <8.5, G, <25, the feasible region of %, can be

given. In this initial design case, the feasible region of %, is between 16 mm and
21.3 mm. Fig. 4.3 has presented the approach results clearly.

(3) At specified cooling capacity, increasing /%, can improve COP,; as Fig. 4.4 shows.

4.3.3 Optimization process

Once the search direction of the four design variables of ¢., p,, ¢ and /. have
been tuned to meet the objective i nents for each specified cooling capacity with
interactive process, the optimization approach with a detailed simulation and iteration

is carried out.

1. First phase evaluation:

In the first-phase evaluation, the basic data variations of ¢ are 2.5mm ~ 3.3mm
with a step size of 0.05mm ~ 0.lmm, and ¢, is 1050°~1250" with a step size of 20
~50°, respectively.  As shown in Table 4.4, by individually applying a search direction
approach to each specified set of ¢ and ¢,., a maximum COP,; can be arrived at for
every required cooling capacity subject to practical design limits. Fig. 4.5 shows the
simulation data and depicts the following optimum results:

(1) Except in the case of 5200W, the maximum COP, of each required cooling
capacity in this STC family occurs at ¢ =1150", despite various thicknesses of
scroll wrap. Moreover, even though the maximum COP,; for 5200W is located at

¢. =1120", the COP,,; deviation between 1120° and 1150° is within 0.1%.
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(2) The optimum points of scroll wrap thickness are 3.2mm, 3.3mm, 2.6mm and
2.6mm for 9800W, 8100W, 6800W and 5200W, respectively. Nevertheless, for
8100W, the COP,; deviation between 3.3mm and 3.2mm is within 0.1%. Table
4.5 shows the detailed design variable data for achieving the maximum COP,,.

(3) As a result of the above data, two thicknesses of scroll wrap are proposed to meet
the objective function requirements—2.6mm for 5200 and 6800W, 3.2mm for
8100W and 9800W. At the same time, 1150° of roll angle is selected as the
optimum value. Thereafter, only the two design variables /4, and p, need to

be tuned continuously.

2. Second phase evaluation

As already discusse reaing Jis.c srove the COP,; at specified ¢ and
¢.,but G, and G, will limit the increment of A,. In addition, the orbiting radius
of r, = P4 must also-be considered because the 7,. will influence the decision
on the crankshaft dimensi ‘Thercforesthe wing two approaches are carried out

in this second-phase evaluation for this STC family design:

(1) The first approach uses the same orbiting radius for the STC family. Under a
maximum height of scroll wrap with G, G, constraints (see Table 4.6(a) for
the solutions), the COP,; cannot meet the objective requirement of 5200W.

(2) The second approach opens the restraint of the orbiting radius by drawing on the
two thicknesses defined in the first-phase evaluation to propose two types of
orbiting radius for this STC family. As Table 4.6(b) shows, all result data can
satisfy the COP,; objective requirements under specified constraints and present

the final optimum solutions for this study.
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4.3.4 Prototyping and experimental validations

Subsequent to finding the optimum solutions for the STC family, this study
implements four family prototypes. A calorimeter with a semi-anechonic chamber (a
background noise of 40dBA) and a sound level meter are used to measure the cooling
capacity, COP,; and noise level of the developed STC series under investigation.
Table 3.3 has presented the specifications and measuring method of this calorimeter.

Fig. 4.6 shows one hermetic sample of the developed STC family prototype and
its major components. Figure 4.7 shows the comparisons of cooling capacity and
COP,; between the experimental and calculated results. The maximum deviations for
cooling capacity and COP,; are under 2.53% and 1.69%, respectively, suggesting that
the research has successfully achicved its desired results.

Table 4.7 illustrates the common sharing of each major component in this STC
series. In all, 58% of shared components arc identical, with a total cost share of
26.85%, while 26% of shated paits are made with the same mold but have partially
different dimensions, witl share of 6 ~ Only 16% of components, with a

cost share of 11.07%, are wholly different for each specified STC in this family.

4.4 Results and Discussion

This study has demonstrated a systematic and practical process for optimization
of STC family design that allows the COP,; for each specified capacity to meet the
objective requirements of commercialization. Seven important aspects of this
research are summarized below:

(1) The study implemented a practical optimization algorithm combined with

interactive session and discrete variables techniques. Meanwhile, the developed
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STC simulation package and graphical display method play a part in the decision
making during the interactive optimization process.

(2) This investigation selected as its design variables the four geometrical factors of
scroll wrap—¢,, p,, t and #,—that can define the major dimensions of the
developed STC family.

(3) Based on manufacturing and assembling expertise input, and after the COP,; was
defined as the objective function, one case study of an STC family was developed.
The calculated COP,; for each specified capacity of this STC family are 3.027,
3.173, 3.230, 3.296 for 5200, 6800, 8100, 9800W, respectively.

(4) All STC models developed for this study met the target requirements and
performance objectives. Comparisons between measured and calculated results
show that the maximum deviati Fcooli :apacity and the COP,; deviation are
below 2.53% and 1.69%, respectively.

(5) Two sets of scroll wrap thickncss are designated, 2.6mm for 5200W and 6800W
and 3.2mm for 8100\ id 9800 W, .but mension of the outside diameter for
each specified STC in this family is identical.

(6) A common share percentage of over 80% is achieved for major components in this
family design, and only 16% of components are wholly different for each specified
STC.

(7) As the case study results of STC family development proved, by following the
design procedure and considering the manufacturing constraints, the STC products

with good performance, can be developed logically and easily.
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Table 4.1 Compressor operation conditions

Condensing Evaporating Degree of Degree of
temperature temperature Subcooling Superheating
54.4°C 7.2°C 8.3C 27.8C

Table 4.2 Specifications of the STC family used in this study

Refrigerant R-22
Input power 220V, single phase
Lubricants Mineral oil
Shell type Low pressure
Compliant mechanism type Solid axial compliant mechanism
Motor outside diameter (mm) 139
Specified capacity (W) | 5200 6800 8100 9800
Objective of COP, i//‘v‘i ) ofd 77{.!‘- .3 3.10 3.15 3.20
able 4.3 Desig straints
Item no. Design constraint Notes
Do motor = 139 mm
1 Dob minSDo maxgloo mm -
- B 0, =40 mm
5 1<G, <85 From finite analysis. o.f stress de?f?ection and
wrap machining capability
3 1<G, <25 From cutter catalog and machining expertise
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Table 4.4 Initial data definitions in this STC family

Required cooling capacity (W) 5200 6800 8100 9800
Displacement volume (cc) 25.4 32.3 37.4 45
Motor operating torque (N-m) 3.8~4.8 4.8~5.8 5.5~6.7 6.5~8.2
Motor efficiency (%) 87 88 89 90
Cooling capacity allowance 2%
Motor operating speed (rpm) 3490
Theoretical compression ratio 3.43
Polytropic exponent 1.11
Initial design data t=2.5mm, ¢ =1050°
Table 4.5 Optimum results of first-phase evaluation.
Required cooling cagaciiy (W) |- 5200 | 6800 | 8100 | 9800
Objective of COLy (WiW) | 300 | 310 | 315 | 3.0
Calculated cooling capacity (W) 522473 | 6689.15 | 8151.13 | 9817.72
Calculated COP., (W/W) [5003 | 3072 | 3253 | 3292
Thickness of scroll wrap 7 (mm) | 2.6 2.6 33 32
Height of scroll wrap #, (mm_) 22.0 22.0 25.6 26.8
Pitch of scroll wrap p, (mm) 11.730 | 12.629 | 13.596 | 14.135
Orbiting radius of crankshaft », 3265 3714 3.635 3867
Roll angle of scroll wrap ¢, (°) 1120 1150 1150 1150
D,y in 73.083 | 80.784 | 86.972 | 90.416
G,=h1It 8.462 8.462 7.758 8.375
G,=h,/(p, —1t) 2.41 2.19 2.49 245
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Table 4.6 Second-phase evaluation results.

(a) Used with the same orbiting radius

Calculated cooling capacity (W) 5273.15 | 6697.32 | 8181.60 | 9813.60
Objective of COP,; (W/W) 3.00 3.10 3.15 3.20
Calculated COP,; (W/W) of first-phase 3.093 3.172 3.253 3.292
Calculated COP,; (W/W) 2.999 3.149 3.230 3.296
Thickness of scroll wrap ¢ (mm) 2.6 2.6 32 32
Roll angle of scroll warp (°) 1150
Height of scroll wrap 4, (mm) 16.524 | 20.952 | 22.605 27.2
Pitch of scroll wrap p, (mm) 12.860 | 12.860 | 14.061 | 14.061
Orbiting radius 7,, = p,/2—t 3.83
D,, i 73.083 | 80.784 | 84.880 | 90.416
G,=h,/t 6.355 8.059 7.064 8.500
G.=h/(p —1) 1.61 2.04 2.08 2.50
(b) Final optimum solutions used with two types of orbiting radius
Calculated cooling capacity (W) | 5266.15 | 6688.37 | 8181.60 | 9813.60
Objective of COP (W/W) 300 | 310 | 315 | 320
Calculated COP, (W/W) of firsi-phase | 3.093 | 3.172 | 3253 | 3.292
Calculated COPy (W/W) 3027 | 3173 | 3230 | 3.296
Thickness of scroll wrap ¢ (mm) 2.6 2.6 3.2 3.2
Roll angle of scroll warp (°) 1150
Height of scroll wrap 4, (mm) 17.427 | 22.100 | 22.605 | 27.200
Pitch of scroll wrap p, (mm) 12.608 | 12.608 | 14.061 | 14.061
Orbiting radius 7,, = p,/2—t 3.704 3.830
Dobfmin 80.651 | 80.648 | 89.946 | 89.944
G, =h,It 6.703 8.500 7.064 8.500
G.=h/(p, —1) 1.74 2.21 2.08 2.50
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Table 4.7 Common sharing status of each major component of this STC family.

Component items C:}rll; ;rel;)n Cost share Notes
Top (fli\l]:: ;gitlude \% 3.74% |One type for this series of compressor
?il:f}lfaz?slgf \% 1.50% |One type for this series of compressor
Oldham ring \% 1.50% |One type for this series of compressor
Main frame \% 11.97% |One type for this series of compressor
Driving bushing \ 0.15% |One type for this series of compressor
Main journal bearing \ 0.22% |One type for this series of compressor
Terminal \% 0.15% |One type for this series of compressor
Bottom frame \% 2.24% |One type for this series of compressor
Lovg:;gi(;lljgmal \% 0.15% |One type for this series of compressor
Oil pump \% 2.24% |One type for this series of compressor
Bottom cover \% 2.99% |One type for this series of compressor

Back pressure
mechanism and
isolating member

Fixed scroll

Orbiting scroll

Main shell include

£ HY51M0/

One type of casting mold but different
hole diameter for different back pressure
lired
) types of scroll wrap but used with
same outside diameter
Two types of scroll wrap but used with
e outside diameter

One type of pressing mold but different

inlet pogtaaflflli suction g ith with different capacity required
One type of pressing mold but different
0
Motor A 3.74% stack height with different capacity
Upper balancer X 0.30% lefer.ent type for each specified
capacity
Same shaft diameter with two types of]
Crankshaft X 10.47% |orbiting radius and a different length for
each specified capacity
Lower balancer x 0.30% D1ffer'ent type for each specified
capacity

Notes:

1. “ Vv means this series of STC family uses the same component.

2. “A” means the dimension of this component has been somewhat modified.

3. “X” means this component is different for each specified STC.
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1.User Interface

Identify:

(1)Objective function: COP_ to be maximization
(2)Design variables: ¢,,p,.t, %,

(3)Design constraints: D, ,,,G,,G,

'

Collect data to describe the developing STC system:

(1) Motor performance at operating conditions

(2) Friction coefficient estimation of each contact
surface in STC moving parts

(3) Suction superheat degree & leakage clearance
estimation from experiment measurement

(4) Oil viscosity vs. temperature

Estimate the initial values of design variables from the
required cooling capacity & specified operating conditions

¢
¢ 3.Optimization module
£ -_I;uata = /3 __>| Check the constraints |
e = l
2.Analysis module |

‘ | Graphic display |

i i

|

E b~
STC simulatic gz:gagel i

- |
Calculation |
a.Thermodynamics

the design satisfy
Convergence
Criteria ?

b.Dynamic behavior
c.Efficiency
d.COP,,

[ Simulation results ]

Interactive
session

Make decisions with practical
experience

Change search direction &
v step size of design variables
Design
Output
I

Fig. 4.1 The optimization process used in this study
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Operating conditions
Cooling capacity requirement
Basic mechanism dimensions

Boundary conditions & of STC (sealing mechanism,
operating requirements bearing data, etc.)
' Refrigerant properties
l Oil properties
Suction volume estimated Motor performance
v
Find the values of design oo Tor
parameters and basic —> 9., p, >t he
dimensions of scroll set D
l ob_min

Various chamber areas & ‘
volumes calcu |

l _‘_ . Suction gas mass flow model

g [ T
Thermodynamics caleulation L | Heat transfer model
. . : T oo
in compression process | T cakage model

— - +(Gas heating model
Mass & Energy balance

Forces & Moments of parts
Dynamic behavior Bearing loads

calculation Dimensions of moving parts
Frictional loss

v Mechanical efficiency

Efficiencies ComPTCSS.IOIl efﬁmency
: —® Volumetric efficiency
calculation .
Motor efficiency
l COP

[ Simulation results ]

Fig. 4.2 The design flowchart of STC simulation package used in this study
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Fig. 4.3 Search direction approach (I) based on the initial design data
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Fig. 4.4 Search dircction approach (11) based on the initial design data.
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Fig. 4.5 Optimization results in the first-phase evaluation
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Fig. 4.5 Optimization results in the first-phase evaluation (continued)
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(¢) Scroll family of four models

Fig. 4.6 The sample of the developed STC
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Fig. 4.7 The comparisons of cooling capacity and COP,; between the experimental

and calculated results
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CHAPTER 5

VARIABLE-SPEED STC DESIGN WITH OPTIMIZATION

Based on the required specifications of the developed STC family in this
dissertation, one variable-speed STC is investigated. At different specified rotation
speed, the variable-speed STC can supply various definite cooling capacities required
to cover the developed STC family. It means the developed variable-speed STC
combined with inverter-fed controller can replace a series of constant-speed STC such
as the four models of the STC family that this study implemented.

Three types of variable-speed motor, which are the three-phase AC induction
motor, the brushless DC 1 with surface ment magnet (SPM) and the interior
permanent magnet synchronous motor (IPMSM), are used with the same scroll
mechanism to implement the prototypes. Meanwhile, the performance comparison
between these three types of varial 1 STC, has been observed.

While developing the [PMSM in this study, a patent survey and innovative skill
have been used to create a new configuration as Appendix 1 presents in this

dissertation. In the meantime, a new IPMSM patent that this study innovated has

been granted in Taiwan, mainland China and United States of America, respectively.

5.1 Literatures review

Twenty-five years ago, Danfoss Group, the biggest compressor manufacturer in
Europe, presented the first paper about hermetic piston-type compressors used with
brushless DC motor in small refrigerators (Sorensen, 1980). In 1982, Toshiba Corp.,

the most famous rotary compressor manufacturer in Japan, depicted the study of a

83



frequency-controlled compressor used with AC two-poles and three-phases induction
motor in air-conditioner applications (Itami et al, 1982). According to the
experimental results, it shows that when equipped with the frequency-controlled
compressor, the COP, of air-conditioner can be improved by 20% ~ 40% in
comparison to the general ON/OFF controlled (constant-speed) compressor. Daikin
Industries Ltd., the other world-class compressor manufacturer in Japan, introduced
other research results in 1998, that based on the same size of variable-speed motor
applied for air-conditioners, the IPMSM can be derived to larger torque and operate at
higher efficiency than AC induction motor and brushless DC motor as Fig. 5.1 shows
(Igata et al., 1998).

Some papers have presented the performance and experimental analysis of scroll
compressor varying its speed. whet lied for air-conditioners, heat-pumps and water
chilling systems (Ishii et ¢/, 1990; Morimioto ¢ a/., 1996; Kim et al., 1998; Park et al.,
2001; Li et al., 2002; Cho et o/, 2002, Aprea ef al., 2006). But up to now, very few
papers in the world have ducted rescarch >d to the variable-speed STC design
with scroll geometrical evaluation.

Therefore, based on the minimum design change, the optimum design process and
STC design model that this dissertation developed, one variable-speed STC to meet the
specification requirements of the original STC family with constant-speed as Chapter 4
introduced, has been implemented. @ Meanwhile, the performance comparisons
between the STC family with a constant speed motor, the variable-speed STC with AC
induction motor and permanent magnet (PM) motor, have also been evaluated in this

study.
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5.2 Design Simulation

For commercialization purposes, the required operation conditions, specifications
and basic design constraints are given as Tables 4.1, 4.2 and 4.3. The other required
constraint is used with the same orbiting radius for the developing scroll set so that the
crankshaft and Oldham ring of the STC can be the same also. Therefore, the major
work will focus on the design changes of fixed scroll and orbiting scrolls only.

Five steps are carried out in the design evaluation to search for the optimum
design data of this variable-speed STC as follows:

(1) Initial design: define the related specifications for this developing variable-speed
STC from original STC family requirements with constant-speed and engineering
decisions

(2) First-phase design approach: Based on the original scroll geometrical data and
motor operating efficicncy that Chapter 4 developed for STC family with constant-

speed, reduce the scroll ieight on's

1o meet the rated cooling capacity requirement
and evaluate the design | ters an

(3) Second-phase design approach: fixed on the two types of orbiting radius that the
STC family used, the optimization algorithm combined with a graphical solution
method to search the maximum COP,; for the developing variable-speed STC is
calculated. Set in the same design base, the motor efficiency is also assumed the
same as the STC family with constant-speed in this phase approach.

(4) Prototyping: combined with above optimum approach results and practical
engineering experience, the prototypes that include three type of motors, two
controllers and one variable-speed STC will be implemented and the operating

performance will be measured at specified conditions also.

(5) Performance evaluation:  the comparisons between measured results and
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calculated results have been discussed. In advance, the STC simulation package
receives the real motors operating efficiency and recalculates the operation
performance for the STC to perform in variable-speed conditions. Thereafter, the
deviation between recalculated results and measured results has been introduced.
Finally, the performance evaluation between constant-speed STC family prototypes
and variable-speed prototypes is discussed to make sure the optimum design

process meets the practical engineering requirements.

5.2.1 Initial design

The initial design for this developing variable-speed STC has been defined as

Table 5.1 and summarized as below:

(1) The rated cooling capacity. 7700\, which is operated at 3600rpm, and is decided
from the mean-value of four capacities of the STC family required as Table 4.4
shows. The allowance of cooling capacity is also £2%.

(2) Based on the same cc ss10n ratio, ti ylacement can be roughly calculated
from Egs. ((2-1) to (2-3)) as 34cc, and the Polytropic exponent selected as the same
value, 1.11.

(3) Because the rotation speed of the variable-speed STC can be controlled exactly by
inverter-fed controller, the required cooling capacities of the original STC family
supplied can be met easily from different rotation speeds.

(4) The motor operating torque and efficiency in different required cooling capacity is
defined as the same between constant-speed and variable-speed STC. At the rated
cooling capacity requirement of 7700W, the motor efficiency is defined as 89%
because the operating torque is near 8100W.

(5) Table 4.6 has depicted two sets of scroll wrap thickness and orbiting radius that
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have been designated in the developed STC family, they are
t=2.6mm, r, =3.704mm for 5200W and 6800W, and
t=32mm, r, =3.83mm for 8100W and 9800W, respectively. For minimum
design change requirements, the scroll geometry parameters should follow these

two scroll sets data as the design base.

5.2.2 First-phase design approach

Table 5.2 shows the comparison between original STC family data and the first-
phase evaluation results and underscore two important outcomes:

(1) On the basis of scroll parameters, ¢=2.6mm, r, =3.704mm, ¢, =1150°
subjected to a scroll height /1, = 22.1 fit to rated cooling capacity 7700W.
But G, =9.116 is over the design constraint of G, <85, It means this
original STC model, 7 = 2.6mm. 7, =3 704mm, ¢ =1150° can not meet the
required variable-speed ST C by tuning the wrap height only.

(2) On the other scroll p tersi 1T 32 o =3.83mm, ¢, =1150° subjected
to a scroll height /s, = 20.55mm | can fit the rated cooling capacity of 7700W and
all data is under the design constraints. Table 5.2 shows the calculated COP,; of
required cooling capacities with various rotation speeds as Table 5.1 defined. For
5200W and 6800W, the calculated COP,; are higher than the original data, but for
8100W and 9800W, the calculated COP, are lower than the original data.
Moreover, the calculated COP,; of 9800W can not meet the objective requirement.

Therefore, tuning scroll height only from the original scroll design parameters can
not satisfy this study’s required target, so the following approach should be carried out

with an optimization algorithm to develop the optimum variable-speed STC in this

study.
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5.2.3 Second-phase design approach with optimization

Since only one set of variable-speed STC has been developed to cover the cooling
capacity range, which is not same as the STC family with constant-speed that develops
a series of STC models to meet the required specified range of cooling capacity by
using more common components as investigated in Chapter 4. Therefore, the discrete
variables optimization approach has some differences, but the optimization algorithm
combined with a graphical solution method, such as Chapter 4 described, is the same.
The newly approach process is introduced as.

The objective function requirement is also defined as Eq. (4-12) and subjected to

the constraints as Eq. (4-13

aximize \COP, =+ (4,,p,.t.h,) (4-12)
LowerLimits = G _.G..D, . < UpperLimits (4-13)
The other major design consideration in esign approach is the orbiting radius

that also sets as a restraint in two types: (1)7,, =3.704mm , (2)r,. =3.83mm  so that
the crankshaft can be the same as the original STC family. Meanwhile, each motor
efficiency at a specified rotation speed, is assumed the same as the STC family with

constant-speed.

1. First-stage simulation:

This stage focuses on developing a variable-speed STC to operate at 3600rpm and
with a cooling capacity of 7700W to search for the maximum objective function
(maximum COP,;) by drawing on the variation of scroll thicknesses from 2.6mm to
3.2mm. Table 5.3 and Fig. 5.2 depict the simulation results.

(1) As the orbiting radius is fixed, the basis of one set of thickness ¢ with pitch p,
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2)

€)

(4)

()

(6)

of the scroll wrap, from Eq. (4-2) can be subjected to a change of scroll height 4,
matched with a roll angle, ¢@,, which fit the required cooling capacity requirement.
As Chapter 4 introduced, increasing /, can improve the COP,; at specified ¢
and ¢,, but G, and G, will limit the increment of %,. Therefore, selecting
G, =8.5, means increasing %, to the limit value, as researched in this study.
Based on the above decisions, to increase wrap thickness, the pitch and the wrap
height are increased, and the roll angle is reduced. Finally, the calculated cooling
capacity can fit the defined data with a small variation and the COP,; is higher than
3.2 and over the objective target.

The maximum COP,; occurs at t=29mm, ¢, =1077.694°, h, =24.65mm and
the orbiting radius is the type 1, 7,, =3.704dmm . The calculated cooling capacity
is 7728.26W and the COF,; i )9 over, at t=2.8mm, ¢ =1119.40°,
h, =23.80mm the orbiting radius is the same as 3.704mm, the COP,; is 3.308 and
the calculated cooling capacity is.7746.57W.  These two points all meet the object
requirement, and the deviation between th ) points is very little.

Based on the type 2 orbiting radius, 7,. =3.83mm  the maximum COP,, is located
at t=27Tmm, ¢ =1118.49° h,=2295mm . The calculated cooling capacity
is 7752.45W, and the COP,,; is 3.299, which is lower than the optimum point of
type 1 of orbiting radius, but the deviation is within 0.3%.

As a result of the above data, the optimum value can be searched at ¢ =2.9mm in
r,. = 3.704mm , but the simulated variable-speed STC is operated at 3600rpm only.
Furthermore, in the range of operating speed as defined in Table 5.1, the optimum

searching point should be approached and evaluated continuously.

2. Second-stage simulation:

Subsequent to finding the optimum solutions for the variable-speed STC in the
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whole operating speed range, the search direction of four design variables of ¢,, p,,
t and %, have been evaluated for each specified cooling capacity at definite rotation
speed with an interactive process. Following on the first-stage approach, the orbiting
radius also fixed on two types as type 1, 7, =3.704mm  and type 2, 7, =3.83mm,
and also set G, =8.5 in this stage investigation. The optimum approach with
detailed simulation and iteration has been carried out.

(1) As the orbiting radius 7,, and G, are fixed, one thickness of scroll wrap is
selected, subjected to a change of scroll height %, and matched with a roll angle
¢, of the scroll wrap, which fits each required cooling capacity requirement at the
defined rotation speed. Meanwhile, the COP, can be calculated by STC
simulation package that Chapter 2 introduced.

(2) Figure 5.3 presents the calculated results for type 1 orbiting radius,
r,. =3.7104dmm | operated at five rotation spceds, 2450rpm, 3200rpm, 3600rpm,
3800rpm and 4600rpr, and fit the five required cooling capacities as 5200W,
6800W, 7700W, 810! 9860V, respeet . Figure 5.4 shows the simulation
results for the developed STC used with a type 2 orbiting radius, 7, =3.83mm
and operated at the same conditions as mentioned above.

(2) Fig. 5.3 and Fig. 5.4 depict, not any one set of scroll design parameters can all give
the maximum COP,; of each required operating speed:

(a) In type 1 orbiting radius, 7,. =3.704mm  operated at 2450rpm and 3200rpm,
the maximum COP,; can be obtained at ¢ = 2.8mm , but operated at 3600rpm,
3800rpm and 4600rpm, the maximum COP,; occurred at ¢ =2.9mm .

(b) In type 2 orbiting radius, 7, =3.83mm, operated at 2450rpm, 3200rpm and
3600rpm, the maximum COP,; can be obtained at ¢ =2.7mm , but operated at
3800rpm and 4600rpm, the maximum COP,; occurred at ¢ =2.8mm .

(3) Combining two types of orbiting radius simulation, as Fig. 5.5 shows, the
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maximum COP,; occurred at type 1 orbiting radius r,. =3.704mm but is located
at two thickness of scroll wrap as depicted above. Operated at 2450rpm and
3200rpm, the thickness of scroll wrap, ¢ =2.8mm, has a maximum COP,. But
when operated at 3600rpm, 3800rpm and 4600rpm, the thickness ¢ =2.9mm can
give the maximum COP,,.

(4) Therefore, two sets of optimum design data disappear in this study. The 1% set

optimum design parameter is defined as 7,, =3.704mm, t=2.8mm, h, =23.80,
p, =13.008, ¢ =1119.402° .  Mmeanwhile, the 2™ set optimum design
parameter  is r, =3.704mm, t=29mm, h, =24.65, p, =13.208 and
¢. =1077.694° .

(5) Table 5.4 displays the comparisons of the calculated result between original STC
family design with constant-sp d'the developed variable-speed STC with
optimum design:

(a) Although in large capacities (8100W and 9800W) with higher operating speed,
the COP,; of the loped variable- I STC has little decrease with 0.08%
to 2.08%, but the COP,; is over the maximum objective target requirement of
3.2. In small cooling capacities such as 5200W and 6800W, this new
developed optimum design presents better COP,; than the original STC family
design. The improvement is from 4.86% to 7.23%, which provides very
good performance.

(b) The COP,; deviation between 1% and 2™ set optimum design parameters is in
the range of 0.04%~0.32% only. The 2™ set optimum design parameter
presents a little better COP,; than 1* set in the whole operating speed range.

(6) Because only one set at design parameters can be selected for the final result, the

2" set optimum design parameter, 7, =3.704mm, t=2.8mm, h, =23.80,

p, =13.008, ¢ =1119.402°, has been decided to prototype and evaluate the
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practical performance combined with various variable-speed motors in continuous

study.

5.2.4 Prototype implementation

Three types of variable-speed motor have been applied in the developing variable-
speed STC prototype. They are the three-phase (3®) AC induction motor, the
brushless DC motor with surface permanent magnet (SPM) and the interior permanent
magnet synchronous motor (IPMSM). These motor prototypes were supported by
EEL of ITRI, but the IPMSM developed by this study that include patent around
survey, new configuration innovation and applied to the patent in the world.
Appendix 1 has introduced the TPMVSM devel nt records in detail.

Figure 5.6 shows thesc motor prototypes and their operating efficiencies curve at
whole operating speed range.  The IPMISM that this study innovated, presents the best
efficiency, especially when operated at lower speed. Running at 1000rpm, the
efficiency of IPMSM exc > ACTnduc ytor and the SPM brushless motor by
17.53% and 4.85% respectively. Table 5.5 has listed the real efficiency of each motor
prototype at the required operating conditions.

Figure 5.7 (a) and (b) introduced two controllers, one is used for driving the 3O
AC induction motor, the other is for the SPM and IPMSM motors, and both are
supported by EEL of ITRI. Operated at 2450rpm to 4500rpm, the efficiencies of
these two controllers can achieve from 88% to 92% and provide very better
performance.

To easily change the motor based on the same scroll pump mechanism, a semi-
hermetic STC has been implemented as Fig. 5.7 (c) shows. Meanwhile, the two scroll

prototypes which are implemented with the 2™ set optimum design parameter that this
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study developed, has been presented also.

5.2.5 Performance evaluation

Based on the original AC motor efficiency operated at STC family with constant-
speed to meet specified cooling capacities requirements, the comparisons of cooling
capacities and COP,; between measured and calculated results have been drawn on Fig.
5.8.  Each cooling capacity deviation of the developed variable-speed STC driven by
a different motor, is under 2%. The reason is that the operating speed of each
variable-speed motor can be driven by a controller in the required speed exactly.
Meanwhile, following on the STC family developed experience, the engineering
implementation for variable-speed STC presents much better controllability in this
study.

Figure 5.8 also prescuts the COP,, deviations between measured and calculated
results of the real STC prototype. —The deviation has reached to 6.04% because the
real motor efficiency mak large difterence  the design value. When only used
with 3 ¢ AC induction motor, the COP,; shows less than the simulated results because
the real motor efficiency is 2%~7% lower than the original simulation data, and the
maximum deviation between the simulated and measured results is 4.94%. By
contrast, the STC prototype used with IPMSM, the COP, presents much better
performance, the maximum improvement achieved is 6.04% with the developed STC
operated at 3800rpm. In addition, the STC used with the SPM brushless motor
presents smaller amount of difference between the calculated and measured result, the
maximum deviation under 2.33%.

The STC simulation package receives the feedback of the real motor efficiencies

with variable-speed operation, reveals the variable-speed STC performance needs to be

recalculated. Figure 5.9 and Table 5.5 introduce the performance comparisons and

93



the deviations between the measured and recalculated results respectively:

(1)

2)

€)

The maximum deviation between measured and recalculated result has been
narrowed down to under 3.35%. It proves that this study with optimum design
has grasped the major design parameters.

Only one measured point is below the recalculated data, which is the variable-
speed STC prototype operated at 2450rpm and used with the AC 3 ¢ induction
motor. But the deviation is 1.82% only. In the meantime, the measured results
of the STC prototype used with AC 3 ¢ induction motor present very little
difference to recalculated results. The maximum error is just 2.27%.

When used with the SPM brushless motor and IPMSM, the deviation between
measured and recalculated results of this STC prototype are 1.06%~3.30% and
1.06%~3.36%, respectively. meas data is all higher than recalculated

data but the difference is small.

5.2.6 Final results

Table 5.6 has summarized the prototype performance comparisons between the

STC family with constant-speed that Chapter 4 studied and the new developed

variable-speed STC:

(1)

()

This newly developed STC with IPMSM can increase the COP,; by about 11.85%,
10.17%, 7.78% and 5.02%, which is respective to STC family used with AC 1 ¢
induction motor to provide four required cooling capacities of 5200W, 6800W,
8100W and 9800W. Meanwhile, this new developed STC when used with the
SPM brushless motor also obtains good performance improvement of about 7.79%,
6.71%, 3.65% and 1.44%, respectively. They all present much better design
implementation, especially for operating at a lower speed.

When the new developed STC is used with the AC 3 ¢ induction motor, the COP,;
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is not increased so high. Although the COP, has increased 1.45%, 3.74% and
0.57%, by which the STC is operated at 2450rpm, 3200rpm and 3800rpm,
respectively, but when operated at highest speed of 4600rpm, with the cooling

capacity at 9800W, the COP,; is 0.70%lower than the constant-speed STC as .

5.3 Results and Discussion

This study has proven the systematic algorithm for STC design optimization that
Chapter 4 developed to be used for variable-speed STC implementation. Meanwhile,
the COP,; of this newly developed variable-speed STC can be improved for each
specified capacity respective to the STC family with constant-speed. The important
contributions of this research aie s ‘1zed below:

(1) This study enhanced the 51C systematic algorithm with optimization developed in
Chapter 4 to apply a variable-speed STC implementation. The new variable-
speed STC has been | typed and the p mance evaluated with three types of
motor as the AC 3 ¢ induction motor, the SPM brushless motor and the IPMSM.
Meanwhile, the IPMSM is an innovation and has been applied for a patent by this
study. The innovated contents have been recorded in the Appendix of this
dissertation.

(2) This investigation also selected the four geometrical factors of scroll wrap—¢,, p,,
t and %, as design parameters, but for commercialization requirement, the
orbiting radius, 7,,, has played the key design constraint. Thereafter, the original
two set design parameters, ¢, =1150°, p, =12.608, t=2.6mm, r, =3.704mm,
and ¢, =1150°, p, =14.061, t=3.2mm, r, =3.830mm, with different wrap
height, %,, that is used for the STC family requirement, have been modified to

only one set design parameter, ¢, =1077.694°, p, =13.208, t=29mm,
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r,. =3.704mm with one scroll wrap height, #, =24.65mm  for the variable-speed
STC.

(3) The newly developed variable-speed STC prototype with three types of motor, can
all meet the target requirements and performance objectives. The best result is the
STC used with the IPMSM motor. It presents the COP,; over the objective target
of 7.25~13.27%.  Respective to the original STC family which used the AC 1 ¢
induction motor, this newly developed STC with the IPMSM motor can increase
COP,; by about 11.85%, 10.17%, 7.78% and 5.02%, which is relative to provide
the four required cooling capacities of 5200W, 6800W, 8100W and 9800W,
respectively.

(4) Comparison between the measured prototypes and this study’s calculated results,
show that the maximum deviati Fcooli :apacity and the COP,; deviation are
below 1.63% and 3.36%, respectively.  From the case study result of variable-
speed STC development, the systematic optimum design procedure combined with
the engineering expericnces that this studs ducted, the STC products performed
well and can be predicted logically and easily.

(5) Only two scrolls, the fixed scroll and orbiting scroll, and the motor should be
changed in the newly developed variable-speed STC prototype. The other
components can all be the same as the original STC family with constant-speed.
It means the design of the original STC family developed in Chapter 4 only change
a little, and can be implemented in variable-speed STC easily with the family
design skill of this study development. In the meantime, the original STC family

has been enhanced to the application range.
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Table 5.1 Initial data definitions in variable-speed STC

Items Rated Original STC family
Required cooling capacity (W) [ 7700 5200 6800 8100 9800
Motor operating speed (rpm) 3600 2450 3200 3800 4600
Motor operating torque (N-m) | 5.1~6.3 | 3.8~4.8 [4.8~5.8| 5.5~6.7 | 6.5~8.2
Motor efficiency (%) 89 87 88 89 90
Cooling capacity allowance 2%
Theoretical compression ratio 3.43
Displacement volume (cc) 34.0
Polytropic exponent 1.11
t=2.6mm, ¢, =1150°, r=3.704
Initial scroll design data .
t=32mm, ¢ =1150°, r =3.830

Table 5.2 The comparisons betweer

rigimal of STC family with constant-speed

and first-phase cvaluation data of

e variable-speed STC

Constant-speed STC family

Original data

Calculated cooling capacity (W) | 5266.15 | 6688.37 | 8181.60 | 9813.60
Calculated COP,, (W/W) 3027 | 3173 | 3230 | 3.29
Thickness of scroll wiap ¢ (i) 2.6 2.6 32 32
Height of scroll wrap 4, (mm) 17.427 | 22.100 | 22.605 | 27.200
Pitch of scroll wrap p, (mm) 12.608 | 12.608 | 14.061 | 14.061
Orbiting radius 7,, = p,/2—t 3.704 3.830

D, i 80.651 | 80.648 | 89.946 | 89.944

G, =h It 6.703 | 8.500 | 7.064 | 8.500
G.=h/(p, —1) 1.74 221 2.08 2.50

Set 1 of Variable-speed STC

=85.1

min

12

t=26, r, =3.704, h, =22.1
Dob7
G, =9.116, G. =2.368

Set 2 of Variable-speed STC

t=32, r
D()b_

or

min

=3.83, h,=20.55
= 89.946,
G, =6422, G, =1.892

Calculated cooling capacity (W)

5281.90

6852.30

8195.03

9937.34

Calculated COP,; (W/W)

3.20

3.27

3.17

3.18
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Table 5.4 The calculated result comparisons between original STC family and the

optimum calculation of variable-speed STC

Items Rated Required operating conditions
Required cooling capacity (W) | 7700 5200 6800 8100 9800
Motor operating speed (rpm) | 3600 2450 3200 3800 4600

Original STC family design data operated at constant-speed

v, =3.704mm, r,, =3.830mm,

t=2.6mm, t =32mm,
Optimum design parameters == p, =12.608, p, =14.061,

¢. =1150° ¢. =1150°

h, =17.427 | h, =22.100 | h, =22.605 [ h, =27.200

Calculated cooling capacity (W)| == 5266.15 | 6688.37 | 8181.60 | 9813.60
Calculated COP,; (W/ g TR 3.173 3.230 3.296
* st of optimundesign parameters

(r, =3.704mm, =2 8mm. h =23.80, p, =13.008, ¢ =1119.402°)
(D,, 5= 8L.00lmin, " G .5, G, =2.332)

w

- e
Calculated cooling capaci /74657 6817.03 | 8135.91 | 9870.99

Calculated COP,; (W/W) 3.308 3.246 3.331 3.223 3.228

COP, improvement (%) == 7.23 4.97 -0.23 -2.05

2" set of optimum design parameters

(r, =3.704mm, t=29mm, h, =24.65, p, =13.208, ¢ =1077.694°)

(D =79.190mm, G, =8.5, G.=2391])

ob _min

Calculated cooling capacity (W)|7728.26| 5230.58 | 6802.29 | 8113.78 | 9848.31

Calculated COP,; (W/W) 3.309 3.242 3.327 3.227 3.239

COP, improvement (%) == 7.12 4.86 -0.08 -1.73

The COP,, deviation between
1° and 2" sets of optimum | 0.04 0.11 0.10 0.14 0.32
design parameters (%)
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Table 5.5 The deviations between calculated result and measured result of the STC

prototypes with variable-speed motor

Items Rated Required operating conditions
Motor operating speed (rpm) 3600 2450 3200 3800 4600
Required cooling capacity (W) | 7700 5200 6800 8100 9800
Driven by 3® induction motor

Real motor efficiency (%) 86.47 80.24 85.16 86.83 88.15
Calculated cooling capacity (W)| 7728.26 | 5230.58 | 6802.29 | 8113.78 | 9848.31
Measured cooling capacity (W)| 7768.54 | 5302.12 | 6772.15 | 8142.69 | 9975.26
Cooling capacity Deviation 0.52% 1.37% 0.44% 0.36% 1.29%

Calculated COP,; 3.215 3.139 3.220 3.149 3.173

Measured COP,; 3.268 3.082 3.245 3.193 3.245

COP,; Deviation 1.66% -1.82% | 0.76% 1.39% 2.27%

Driven by SPM motor

Real motor efficiency (%) 88.10 85.21 87.35 88.52 90.26
Calculated cooling capacity (W)| 7728.26 | 5230.58 | 6802.29 | 8113.78 | 9848.31
Measured cooling capacit 777211 1 5312.10 | 6775.18 | 8159.29 | 9986.52
Cooling capacity Devia | 057% | 156% | 040% | 0.56% | 1.40%

Calculated COP,; -~ | 3275 3.175 3.303 3.210 3.249

Measured COP,; 3.361 —[_, 328 3.338 3.291 3.315

COP Deviation | 2.63% 3.30% 1.06% 2.53% 2.00%

. Driven by IPMSM

Real motor efficiency | | 3y ]— 4 90.18 91.87 92.52
Calculated cooling capacity (W) 7726.26 | 5230.58 | 6802.29 | 8113.78 | 9848.31
Measured cooling capacity (W)| 7773.22 | 5315.97 | 6781.25 | 8162.17 | 9990.32

Cooling capacity Deviation 0.58% 1.63% 0.34% 0.60% 1.44%

Calculated COP,; 3.388 3.288 3.410 3.332 3.330

Measured COP,, 3.477 3.398 3.446 3.422 3.432

COP,; Deviation 2.62% 3.36% 1.06% 2.70% 3.07%
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Table 5.6 The prototype performance comparisons between the STC family with

constant-speed STC and the developed variable-speed STC

Required cooling capacity (W) 5200 6800 8100 9800
Required COP,; objective 3.00 3.10 3.15 3.20
r, =3.704mm, r, =3.830mm,
t=2.6mm, t=32mm,
Constant-speed STC family . =12.608, . =14.061,
@. =1150°, ¢. =1150°
Height of scroll wrap #, (mm) 17.427 | 22.100 | 22.605 | 27.200
AC 1¢ motor efficiency (%) 87.0 88.0 89.0 90.0
Measured cooling capacity (W) 5133.13 | 6677.48 | 8224.74 | 9813.63
Measured COP,; (W/W) 3.038 3.128 3.175 3.268
Over objective percentage (%) 1.27% | 0.90% | 0.79% | 2.12%

Variable-speed STC

r, =3.704mm, t=2.9mm,
p, =13.208, ¢, =1077.694°,

h, =24.65mm

AC 3 ¢ motor efficiency (%) R0.24 85.16 86.83 88.15
Measured cooling capagtdWh ey, | 5302.12 | 6772.15 | 8142.69 | 9975.26

Measured COP. &W o mpmah, J— 082 | 3.245 | 3.193 | 3.245
Improvemeri ( L T 45% | 3.74% [ 0.57% | 0.70%

Over objective pergéiase ( i - 73% | 4.68% 1.37% 1.41%

SPM brushless motor eiiiciency (7or -~ | 8521 87.35 88.52 90.26
Measured cooling capacity (W) ¥ [2.10 | 6775.18 | 8159.29 | 9986.52

Measured CO! 'Wh 280 3.338 3.291 3.315
Improvement (%) 7.97% | 6.71% | 3.65% | 1.44%

Over objective percentage (%) 9.33% | 7.68% | 4.48% | 3.59%

IPMSM efficiency (%) 88.24 90.18 91.87 92.52
Measured cooling capacity (W) 5315.97 | 6781.25 | 8162.17 | 9990.32

Measured COP,; (W/W) 3.398 3.446 3.422 3.432
Improvement (%) 11.85% | 10.17% | 7.78% | 5.02%

Over objective percentage (%) 13.27% | 11.16% | 8.63% | 7.25%
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Fig. 5.6 The variable-speed motor prototypes and their efficiencies
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(a) AC inverter controller (b) SPM & IPMSM motor controller

(c) Semi-hermetic prototype and scroll components of variable-speed STC

Fig. 5.7 The variable-speed STC controllers and compressor prototype
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3.6

=4 Calculated cooling capacity of the variable-speed STC prototype

Measured cooling capacity of the STC prototype used with induction motor

Measured cooling capacity of the STC prototype used with SPM motor

Measured cooling capacity of the STC prototype used with IPMSM

< Calculated COP,; of the variable-speed STC prototype
—X— Measured COP,, of the STC prototype used with SPM motor

—A— Measured COP,; of the STC prototype used with induction motor
—O~ Measured COP,; of the STC prototype used with IPMSM
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CHAPTER 6
CONCLUSIONS

6.1 Conclusions

Using discrete variables and interactive session approach, the optimum design with
non-linear & multi-objectives problem can be implemented very practically. This
dissertation has created a practical scroll-type compressor (STC) family design process
with systematic and optimization algorithm for the first time in the world. In addition,
two case studies of STC family design have been implemented, prototyped and the
performance verified. One case is used for constant-speed STC application, the other
is applied for variable-sp reguirement, esults show that the developed STC
families present a high potential for commercialization.

The design process of this dissertation conducted to include objective function
definition, critical design parametc legtio mstraints identification that relate to
manufacturing and assembling limitations, an iterative process approach with interactive
session, the discrete variable make decision with engineering experience. A STC
simulation tool has been developed and experimental validation. Thereafter, the
design results are able to meet a series of performance requirements of commercial STC.

The major contributions of this dissertation research are summarized as:

(1) The detailed critical patents, mathematical model and design structure of STC, have
all been introduced in Chapter 2. Meanwhile, a new design structure that this
study proposed and one simulation package of STC has been built-up. One
international conference paper (Proceedings of the 4™ International Conference on

Compressor and Refrigeration, Xi’an City, China, pp189-196, October, 2003) and
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one domestic engineering journal paper (£ £ | =[], 57t /* & 574 — B, T 41-54
F1,2002 &# 11 #]) have been presented.

(2) Chapter 3 depicts the approach results of the experimental validation for the STC
simulation tool, the deviation of the verified STC’s performance between predicted
results and experimental measured results is under 4%, and shows the validated
STC simulation package that this study developed can be used in the practical STC
design works. The research results of this topic have been introduced in one SCI
journal paper (Applied Thermal Engineering Vol. 25, Aug. 2005, pp. 1724-1739),
one international conference paper (Proceedings of the 18" International
Compressor Engineering Conference at Purdue, USA, C016, July, 2004) and one
domestic engineering | 1 paper (BSIEEIT 5= A — £ 578, ¥ 34-43 F1,
2005 F 9 F]). The Appendix T of this dissertation has introduced the detailed

calculation inputs and outputs of the developed STC simulation package.
(3) Two case studies of STC family design have been carried out in Chapter 4 and

()

Chapter 5.  One study STC family requirement, the other is

applied for an inverter-fed control STC with variable-speed motors. Following on
the proposed optimum design process, these two case studies have been prototyped
and performance verified by compressor’s calorimeter. The design results meet
the target requirements. Based on these two case studies, one SCI journal paper
(Journal of Applied Thermal Engineering, Vol. 26, Issue 10, July 2006, pp. 1074-
1086), three international conference papers (Proceedings of the 3 International
Compressor Technique Conference, Wuxi City, China, pp200-207, August, 2001;
Proceedings of the 17" International Compressor Engineering Conference at

Purdue, USA, C24-3, July, 2002; International Conference on Compressors and

their Systems 2005, I Mech E, U. K., Sep., 2005, pp. 413-422) and one domestic
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scientific conference paper (Proceedings of the ond Symposium on Air-Conditioning,
Refrigeration and Energy Engineering at National Chin-Yi Institute of Technology,
Taichung, Taiwan, No. 20, July, 2004) have published the related investigation
results.

(4) In STC optimum design, four geometrical parameters of scroll wrap—¢,, p,, ¢

and h,—have been selected by this study to define the major dimensions of the
developed STC family, and the COP,; has been defined as the objective function.
In constant-speed STC family design results, the comparisons between measured
and calculated results show that the maximum deviation of cooling capacity and
COP, are below 2.53% and 1.69%, respectively. In variable-speed STC
development, the maximum deviation of cooling capacity and COP,; deviation are
below 1.63% and 3.36%, respectively. It has been proven the optimum design
process and the calculated capability are very close to the practice requirements.

(5) From a commercialization point of view, this dissertation has achieved to get the
benefits of using a « AL compon are with the developed STC family.
Two sets of scroll wrap thickness are designated for constant-speed STC family, but
the dimension of the outside diameter for each specified STC in this family is
identical. The common components share of over 80% is achieved for the major
components in this family design, and only 16% of the components are wholly
different for each specified STC. Based on the developed STC family, only fixed
scroll, orbiting scroll and motor are design changed, the variable-speed STC with
performance improvement has been implemented.

(6) As for the needs of higher efficiency STC products, three types of variable-speed
motors, which are the three-phase AC induction motor, the brushless DC motor

with surface permanent magnet (SPM) and the interior permanent magnet
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synchronous motor (IPMSM), are used with the same scroll mechanism to
implement the variable-speed prototypes. The best result is the STC used with the
IPMSM, which presents the COP, over the objective target of 7.25~13.27%.
Meanwhile, an [IPMSM has been operated with patent survey and innovative skill.
Finally, a new IPMSM patent has been applied and granted in Taiwan, mainland
China and United States of America, respectively. (F[ 12 [ES«'EJJ I, #E[57 200822
¥k, 2003 F 2 K], HI[E&H\@EJJ%U, BHEE]EY ZL01267457.5 BE, 2002 F 7 k],
U.S. Patent 6,987,341, Jan. 17, 2006). The Appendix 2 of this dissertation has
described the innovation records.

As the above descriptions, a whole systematic design procedure combined with a

A A A atan A

practical optimization algorithm an >xpertise, has been conducted by this
dissertation. Following on the design -procedure, any engineering product can be

predicted to perform well and easily.
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APPENDIX 1
THE INTRODUCTIONS OF STC SIMULATION PACKAGE

A STC computer simulation package has been developed by the author and the
colleagues of ITRI in Taiwan. This computer model can predict the power
consumptions, capacity, various efficiencies and COP,; of a STC for given operating
conditions and the scroll designs. The design structure and the calculation flowchart
developed by this study have been shown in Fig. 2.13 and Fig. 2.14, respectively.

The detailed input data include:

(1) Common design parameters of scroll: thickness, pitch, height, roll angle, tip leakage
clearance, flank leaka 10O 4113 18ity.

(2) Dimension data of orbiting scroll and fixed scroll: suction port and discharge port
coordinates, relative location between orbiting scroll and Oldham ring, other
geometrical definition data.

(3) Oldham ring design d ham ay dimensions, material density.

(4) Crankshaft design data: bearing locations, counter-balancer location, material
density, other geometry data.

(5) Bearings data: weight, height, inside and outside diameters, assembly clearance,
thrust bearing diameter.

(6) Coefficients of friction between each contact pair that has relative motion: the
contact pairs include orbiting scroll and Oldham ring, Oldham ring and main frame,
orbiting scroll and fixed scroll, orbiting and main frame.

(7) Other components data: motor dimensions (height, inside and outside diameters,
material density), upper and lower counter-balancer diameters and their mass center

locations.
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(8) Operation conditions: polytropic index, condensing and evaporating temperatures,
STC suction temperature, import temperature of the expansion device.

(9) Other data: motor operating performance curve data (torque, efficiency), superheat
temperature at suction port of scroll pump, power loss estimation of oil disturbance,
individual bearing operating temperature, leakage coefficients estimation, step size
definition of each design parameter, iteration number and convergence tolerance
definitions.

Figure A1.1~A1.8 introduce the calculation outputs in this developed STC
computer package. The detailed contents comprise:

(1) Figure Al.1 shows the animation of the scroll pump in compression process. It
means that the geometrical model of the simulated scroll pump has been created.

(2) Figure A1.2 describes the simulation of initial design which does not include the
leakage effects betweecn orbiting scroll and fixed scroll.  Six diagrams have been
shown to depict the vamation ol pressure, temperature, density, viscosity,
compression chambet mesand. disch: wrea, respectively. It shows that the
whole refrigerant and lubricant properties related to different pressure and
temperature during compression process have been calculated in this program.

(3) Figure A1.3 presents the simulation of the property variations of working fluid that
operate at compression and discharge process with leakage effects. Meanwhile, the
leakage mass variations have also been calculated.

(4) Figure Al.4 introduces the dynamic balance and various power losses. The
individual acting force that worked on the orbiting scroll as equation (2-15) defined,
has all been described in the diagrams. It depicts that the total real compression
work has been calculated.

(5) Figure A1.5 shows one embodiment of analysis results of the driving bushing. It
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presents the maximum lubricant pressure, friction power losses, lubricant mass flow
rates and the bearing load. The other bearings as Fig. 2.8 depicted, will all be
shown the calculated results in this diagram.

(6) Figure A1.6 ~ A1.8 display the simulation results of various power consumptions,
capacity, COP,;, volumetric efficiency, motor efficiency, compression efficiency,
mechanical efficiency and other important calculation outputs.

An overview of the developed computer package for STC simulation is introduced
as above. Moreover, the validation work with R22 refrigerant has been carried out in
Chapter 3, the deviation between calculated and measured data of the verified STC is
under 4%.

Table Al.1 lists one embodiment of the calculation output used with this computer
package for searching the maxiir COPy ected to a change of scroll height on
the basis of ¢t=2.6mm, ¢, =1150°. - By following the optimization process and
STC design flowchart of Fig. 4ciand Fig. 4.2 depicted, the STC family design
approach has been impl ted in-this di: on and the results have been present

very practical.
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Table A1.1 One calculation output datasheet of STC family approach

he Pr lob t he/t he/ COt-f) Do max
(mm) | (mm) | (mm) (mm) (-) (-) (mm)
100 | 15735 | 5267 | 2.6 3.846 0.761 100.654
112 | 15041 | 4920 | 26 4308 0.900 96.211
124 | 14451 | 4625 | 26 4769 1.046 92.440
136 | 13.942 | 4371 | 26 5231 1.199 89.186
148 | 13.498 | 4.149 | 26 5.692 1.358 86.344
160 | 13.105 | 3.953 | 26 6.154 1.523 83.833
172 [ 12756 | 3778 | 2.6 6.615 1.694 81.595
184 | 12441 | 3621 | 26 7.077 1.870 79.585
196 | 12.157 | 3478 | 2.6 7.538 2.051 77.766
208 | 11.898 | 3349 | 26 8.000 2237 76.110
220 | 11661 | 3231 | 26 8.462 2.428 74.596
he nv Nm Ne Q: Prmotor COP.
(mm) [ %) e (W) W) O

10.0 | 0934 | 0701 | 6898 | 4660.79 | 2027.024 | 2.674
1120932 | 0739 | 0896 | 465378 | 1954433 | 2.769
124 | 0931 | 0761 | 0893 | 46465 | 1900248 | 2.844
136 | 0929 | 078 | 089 | 4630.02 | 1856.704 | 2.906
148 | 0928 [ 0795 | 163136 | 1824278 | 2953
160 | 0926 | 0.808 | 0.884 | 462356 | 1798.598 | 2.990
172 | 0925 | 0821 | 0881 | 461562 | 1774431 | 3.025
184 | 0923 | 083 | 0877 | 460757 | 1758217 | 3.048
196 | 0921 | 0.838 | 0.874 | 4599.43 | 1744906 | 3.066
208 | 092 | 0845 | 0871 | 4591.19 | 1733.965 | 3.080
220 | 0918 | 0.851 | 0.867 | 4582.86 | 1725.618 | 3.089
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Fig. A1.1 The animation of the seroll pump in compression process
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Fig. A1.7 The output of various operating efficiencies

A BB EEE =
<ARLRRRE .

Fig. A1.8 The output of other important calculation results
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APPENDIX 2
IPMSM INNOVATION RECORDS

According to the study results, the STC used with IPMSM (Interior Permanent
Magnet Synchronous Motor) and applied in inverter-fed air-conditioning system, has
more energy-saving effect. But the IPMSM used for compressor has many patents in
the world. Therefore, the first investigation should be to do the patent around of an
I[PMSM motor used for an inverter-fed STC.

As for the patent around, Chen and Tseng (2002) have introduced the overall
structure to justify the importance of a patent database because of the judgment of
patent infringement and technological innovations

In this appendix, an implemented casc of the patent innovation process used for the
developing IPMSM is introduced.  The records of IPMSM developing in this appendix
include patent survey, a built-up abstract list and a function matrix analysis of the major
related patents, concept d performane itions and comparisons with prior arts.
Finally, a new design of IPMSM has been proposed, in the meantime, an innovative
concept has been applied to patent and the prototype put into practice with the
performance comparisons between the new IPMSM design, the traditional SPM
(surface permanent magnet) of brushless motor and the three-phase AC induction motor

used in the developed STC, are also presented respectively.

A2.1 Patent Survey of IPMSM Applied For Compressor

A search of the US patent of IPMSM from the USPTO (United States Patent and
Trademark Office) patent database from 1976 to 2003, show that 52 patents are judged

to relate to compressor applications. Through detailed review of the patents, 10
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patents have been selected to do a patent abstract in advance because these patents are

major obstacles to overcome. Table A2.1 shows the patent numbers and the titles of

these 10 selected patents. The IPMSM rotor configuration of each selected patent has
been described in Fig. A2.1.

Table A.2 shows the summarized functional decomposition results of the selected
patents used with a function matrix table which is the basic method of QFD (quality
function deployment), and depicts four important design directions:

(1) A rotor built-in with one layer of permanent magnets with a rectangular shape is
easy to manufacture and assemble, but the performance needs to be verified.

(2) The leaking of magnetic flux can be avoided due to the flux barrier holes or non-
permeability regions that deposed in rotor, but the manufacturing and assembling
process will be more comples

(3) Narrowing the space between the permanent magnets and the contour of rotor, and
by putting the side face betwecn cach permanent magnet as closely as possible will
reduce the leaking of netietlux,

(4) An arc-shaped cross section with its convex portion directed toward the rotor axis,
has better performance (Murakami et al, 1998), but the manufacturing and

assembling process will be more complex.

A2.2 Bench Marking Analysis

To verify the above summarizations described in A.1, four Japanese commercial
products of the PMSM (permanent magnet synchronous motor) used in compressor,
have been collected from DC inverter-fed air-conditioners. The computer package of
Maxwell 2D developed by ANSOFT Corp. is used to receive the detailed dimension of

each motor component, so that the magnetic flux and related performance can be
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analyzed.

One type of SPM and three types of commercialized IPMSMs have been studied.
The SPM brushless DC motor is produced by MHI (Mitsubishi Heavy Industries, Ltd.),
the IPMSMs are the products of Toshiba co., Matsushita electric industrial co. and G.E.
(General Electric Co.), respectively. These four types of PMSM, all have 3-phases, 4-
poles, 24-slots configurations. Table A2.2 shows the specifications of these PMSM for
the bench marking approach.

Figures A2.2~A2.5 show the simulation results of these four types of PMSM,
which include air-gap magnetic flux, maximum output torque and maximum cogging
torque. Both the Toshiba and Matsushita IPMSMs use a rotor with arc-shape magnets
which results in better performance than either MHI SPM brushless motor or the
traditional IPMSM with a rectan shape met such as GE. product. But the
manufacturing costs of the rotor with an arc-shaped magnet are higher and require a
more complex process to assemble than the rotor with rectangular flat-plate type magnet.

Therefore, an innovation : rabout thedPM :as been carried out in this study.

A2.3 Innovation of IPMSM

A2.3.1 Concept Design

The product commercialization requirements are: easy manufacturing and
assembly, a common rotor’s magnet and stator’s core materials and higher performance.
These are the innovative objectives also.

Therefore, the summarized innovative directions are:

(1) Cross section magnet with a rectangular-shape, single layer and no flux-barrier

holes: to allow easier manufacture for the rotor.
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(1) Narrowing the space between the permanent magnets and the contour of rotor and
by putting the side face between each permanent magnet as closely as possible: to
reduce the leakage of magnetic flux and to get higher performance.

(2) The Rotor’s magnets and stator’s core material are the same as the bench marking
products: to get the same base of material properties and cost.

Thereafter, four types of the new IPMSM concept design have been innovated as

Fig. A2.6 introduces.

A2.3.2 Performance simulations and comparisons
Based on the same specifications as Table A2.3 shows, Fig A2.7~Fig. A2.10 have

presented the simulated results of these four innovated concept designs.

Table A2.4 shows tl mparisons bet the bench marking products and the
concept designs. The simulation results can be summarized as:

(1) The air-gap flux density hese four concept designs have the same results as the
Toshiba and Matsushita prod at have the maximum output torque based on
the previous study.

(2) The concepts of design 1 and design 3, which have the smallest cogging torque
mean these two designs will have low operating noise.

(3) To compromise between maximum output torque and cogging torque, design 1 and
design 2 are both feasible solutions, with the concept of design 2 having the best
torque output performance. In addition, these two types of magnet configuration
obtain an effective manufacturing cost that will compete with the benchmarked
products. Meanwhile, the performance solutions meet the innovative objectives
defined in this study.

(4) Therefore, based on the design concepts of 1 and 2, one patent has been applied for

Taiwan, mainland China and the USA.
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A2.4 Patent Design of the Innovated IPMSM
A2.4.1 Invention Abstract

The present invention is a motor that includes an annular stator and a rotor. The
rotor is with a built-in permanent magnet. The annular stator has a cylindrical interior
into which the rotor is inserted. A space is formed between a circumference surface of
the cylindrical interior and rotor. The rotor further includes a rotor core, and a
plurality of openings that are formed surrounding the rotor core. Each opening has
two parallel surfaces, a top surface and a bottom surface, and each of them is a flat plate
figure. A suitable distance is between the two side surfaces and an outer
circumference of the rotor, and-the two side s es of adjacent openings are spaced by
a channel of suitable widtl A plorality of permanent magnets are arranged in
openings by way of interlaced magnetic poles, and the shape of permanent magnet

matches with the shape of Qpeni

A2.4.2 Invention Descriptions

As shown in the Fig. A2.11, when the rotor radius of the innovated [IPMSM rotor
R, is determined, in order to meet the requirement of magnetic flux reduction, and due
to the constraints of assembly, the minimum AR will be obtained. According to the
practical experiences in manufacturing, AR <0.7mm will provide the optimal solution.
Therefore the radius R, of the maximum arc (shown as AB and A’B’) of the magnet can
be obtained, which means AR=(R,-R,) =0.7mm.

Next, the thickness, ¢, has to be determined, according to the drawing, ¢=t;+t,,

wherein ¢; and £, can be 0, so, the length of AA’ (define as L;) is equal to 2(R,, - sin &),

136



Which means L;=2(R,, - sin&1) and L;=2/(R,, - sin &2)-( t> tan &,)], wherein L;=CC’
and t;=R,, - (cos & ;- cos &2).
As the drawing of Fig. A2.11 depicts, d=R,, - con &>, &:1is determined depending

on the number of magnets of the IPMSM and the requirement of the performance, when

the number of magnets, P=4, #,=(360/P)-A &, whereinA & is the angle between

the gap of two adjacent magnets toward the axis of the rotor, which means the gap is

around R, - A £, in the experimental testing, the gap =0.7mm will produce the best
performance, which also means A & =</@0.7 R,,) - (360/7)]. And when P =4, &, will

not be limited, the value will be determined by the performance desired and the outer
radius of the rotor of the motor.

From the above deri g When =05,/ , the shape of magnet can be changed
to concept design 1 as Fig. A2.6(a) shows. [t means by modifying these geometrical
design parameters, the magnct shape can be changed to many types.

As the aforesaid mention, the with t-in permanent magnet of the present
invention is with the functions ot tlexible design and easy formation. The motor runs
with low cogging torque and high output torque to promote efficiency and decreases
vibration noise, and the cost is also low. Thus, the present invention totally figures out
the shortcomings of the earlier designs.

The details of this patent, can be seen from the issued patent of US 6,987,341

(2006), TW200822 and ZL01267457.5.

A2.5 Prototyping and Performance Verification

Based on the concept of design 2 as Fig. A2.6(b) shows, the prototyping and

performance verification have been carried out. Figure A2.12 shows the components
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of this new IPMSM motor prototype and the Fig. A2.13 shows the efficiency
comparisons between the AC induction motor, the SPM brushless motor of commercial
products, and the new IPMSM motor that was developed by this study. The dimension
of these tested motors is identical and all is operated at constant torque of 2.0 N-m.
The results depict the new IPMSM design has a higher efficiency of about 3%~5%

more than the SPM brushless motor while operating under 5000rpm.

A2.6 Conclusions

A new IPMSM has been innovated and granted the patent in the world. The

present invention has better effectiveness of flexible design, easy formation, low

cogging torque and high utiterque. = Nie ile, the prototyping and performance
verification has been implemented. = The results show that the new IPMSM design has
a higher efficiency than either the SPM brushless motor of the AC induction motor.
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Table A2.1 Ten selected patents of IPMSM to analyze in this study

Patent no. Titles Assignee
US 5,510,662 Permanent Magnet Motor Kabushiki Kaisha Toshiba,
Kanagawa, Japan

Brushless DC Motor with a Two- SamSune Electronics Co

US 6,072,256 | Layered Permanent Magnet Rotor g . "

Ltd., Kyungki-do,

Structure
Permanent Magnet Rotor Type

US 5,962,944 Electric Motor Rep. of Korea
Permanent Magnet Rotor Type Fujitsu General Limited,

US 5,990,593 Electric Motor Kawasaki, Japan
Brushless DC Motor Capable of

US 6,031,311 | Preventing Leakage of Magnetic Fujitsu General Limited,
Flux
Permanent Magnet Type Dynamo

US 6,034,459 | Electric Machine and Electric Kawasaki, Japan
Vehicle using the Same

US 5.945,760 Motor With Built-in Permanent Samsung Electronics Co.
Magnets Ltd., Suwon,

A af Malkino a Permanen

US 4,570,333 Metho t Rep. of Korea

Magnet Motostd*“1as,
anent Magnet Field=T . .

US 5,684,352 | Permancit Mag % Hitachi Ltd.,
Rotating Machine - * & =

US 6,008,559 Motor Using A Rotort including An Japan

Interiot Permanent Mag
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Table A2.3 Motor specifications of PMSM used for this study

Items Stator Rotor
Outside diameter 102 mm 60 mm
Inside diameter 61 mm 18 mm
Stack length 76 mm 80 mm

Material of silicon steel sheet

H-12

Material of magnets

Ferrite, Br = 0.42 Tesla, iHc = 280K Am

Configuration 3-phase, 4-poles, 24-slots
Rated voltage 220V
Rated current 2A
Maximum current 10 A
Rated speed 3600 rev/min

Table A2.4 Comparisons between bench marking products and concept designs

| Air-gap Max. Max.
Motor & Magnet . .
Items mou il ity | Output torque | Cogging torque
o p 7t (N-m) (N-m)
MHI SPAF —p e, 08 2.15 0.90
IPMSM I
Toshiba Arc-shape i 0.35 3.28 0.70
Singlelayéiryirrm L
IPMSM '
Matsushita Arc e | 3.20 0.78
Double layer
IPMSM
G E. Rectangular-shape 0.30 2.60 0.82
Flux-barrier holes
IPMSM
Concept design 1| Rectangular—shape 0.33 3.00 0.5
Arc side face
IPMSM
Concept design 2| Rectangular-shape 0.35 3.18 0.72
Angle side face
IPMSM
Concept design 3| Rectangular-shape 0.35 2.72 0.46
Round side face
IPMSM
Concept design 4| Rectangular-shape 0.35 2.60 1.25
Right angle face
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(a) [IPMSM patent of GE. Co.
(Issued by GE. Co. in US 4,570,333 at Feb. 18, 1986)

<IN

N
% ZA

(b) TPMSM patent of Toshiba Co.
(Issued by Toshiba CormUJS 5.510,662 at Apr. 23, 1996)

(c) IPMSM patent of Hitachi Metals
(Issued by Hitachi Metals, Ltd. in US 5,684,352 at Nov. 04, 1997)

Fig. A2.1 Prior arts of IPMSM rotor configuration
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(d) IPMSM patent of Matsushita Co.
(Issued by Matsushita Co. in US 5,945,760 at Aug. 31, 1999)
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(e) IPMSM patent of Eujitsu General Co.

(Issued by Fujitsu General Lid. in US 5,962,944 at Oct. 5, 1999)
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(f) IPMSM patent of Fujitsu General Co.
(Issued by Fujitsu General Ltd. in US 5,990,593 at Nov. 23 1999)
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(g) IPMSM patent of Matsushita Co.
(Issued by Matsushita Co. in US 6,008,559 at Dec. 28, 1999)
Fig. A2.1 Prior arts of IPMSM rotor configuration (continued)
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(h) IPMSM patent of Samsung Co.
(Issued by Samsung Co. in US 6,031,311 at Feb. 29, 2000)

MAGNETIC
FLUX

MAGNETIC
FLUX

(1} [PMSM p-ateru of Hitachi Co.
(Issued by Hitachi Co.in US 6,034,459 at Mar. 7, 2000)
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(j) IPMSM patent of Samsung Co.
(Issued by Samsung Co. in US 6,072,256 at Jun. 6, 2000)

Fig. A2.1 Prior arts of [IPMSM rotor configuration (continued)
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Fig. A2.2 Bench marking analvsis of MHI SPM brushless motor product
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Fig. A2.3 Bench marking analysis of GE. IPMSM product
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Air Gap Flux Density Distribution(Toshiba_parallel_No Load)
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Fig. A2.4 Bench marking analysis of Toshiba IPMSM product
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Fig. A2.5 Bench marking analysis of Matsushita [IPMSM product
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(a) Concept design 1

(c) Concept design 3 (d) Concept design 4

Fig. A2.6 Four concept designs of [PMSM of this study innovated
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Fig. A2.7 The performance simulation of concept design 1
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Fig. A2.8 The performance simuvlation of concept design 2
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Fig. A2.11 The innovated IPMSM rotor geometry definition

(a) Rotor’s magnets (b) Stator and rotor

Fig. A2.12 The prototyping of the innovated IPMSM design
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