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Abstract: Rotary compressors have been employed in heating and cooling for more than a century
and are ubiquitous in daily life but there has not been any comprehensive record of their development
and technological advances. This review paper attempts to provide a comprehensive account of the
advances in R&D and design evolution of these rotary compressors since their inception, namely
the sliding vane compressor, rolling piston compressor, and their design variants in open literature.
This is to showcase the current state-of-the-art for these compressors so that researchers can use
it as a basis for future work. Based on authors’ insight, inter-disciplinary research combined with
advancements in ‘disruptive’ technology such as artificial intelligence and advancements in additive
manufacturing might be a promising research direction to bring about improvements in rotary
compressor performance to meet mankind’s growing needs for cooling and heating applications.
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1. Introduction

check for

updates The vapor-compression system was first invented in 1834 by Jacob Perkins but it was
Citation: Aw, K.T; Ooi, K.T. A not until 1856 when James Harrison found commercial success with his vapor-compression
Review on Sliding Vane and Rolling refrigeration system [1].
Piston Compressors. Machines 2021, 9, Since then, it has evolved and become inseparable from our daily life, be it for comfort,
125. food preservation, and medical usage. The most widely used air-conditioning system today

https://doi.org/10.3390/machines9060123s the vapor compression system and the most important components are the evaporator,

the condenser, the expansion valve, and the compressor, the last of which is responsible
Academic Editor: Davide Astolfi for driving the entire system. This review focuses on the development of the positive
displacement compressors, in particular the rotary vane compressors.

The compressor is a device that does work on a fluid to increase its pressure. It is
broadly classified into dynamic compressors, whereby momentum is imparted to the fluid
via moving blades or impellers as kinetic energy is converted to pressure energy, and
positive displacement compressors whereby volumetric changes are used to displace fluid
and increase pressure.

Typically, dynamic compressors operate at higher speeds (>5000 rev min~!) in order to
generate the desired pressure increase in the fluid. On the other hand, positive displacement
compressors can operate at much lower speeds (600-3000 rev min~! with variable speed
versions operating up to 7500 rev min~!, occasionally) due to the nature of their working
principle and are able to achieve a much higher compression ratio per single stage of

- compression. In fact, all small and medium (<15 kW) vapor-compression systems today
utilize positive displacement compressors.

Positive displacement compressor designs are numerous, ranging from reciprocating
compressors such as the piston and diaphragm machines to rotary compressors such as
screw, vane, rolling piston, and scroll machines. Compared to reciprocating compressors,
rotary positive displacement compressors are more compact and less susceptible to vi-
bration issues. These attractive features make rotary compressors the most popular and
widely used positive displacement compressors today.
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Since their inception, research on rotary compressors has led to improvements and
improvisations for the ever-changing needs of the industry and society such as performance
improvements, expansion of application areas, or even phasing out refrigerants due to en-
vironmental concerns [2] and requiring more research on adapting to new refrigerants. As
research progressed, the magnitude of performance improvements began to be marginally
incremental.

In addition, at the turn of the 21st century, the high dependency on fossil fuels, a finite
and fast-depleting resource [3], has increased pressure on the need for renewable energy
and/or energy-efficient/saving devices. It is therefore unsurprising that many design
variants or new designs were conceptualized to bring about significant improvements [4],
with research branching towards analysis of these new variants/designs. With the advent
of computer-aided engineering (CAE), it has greatly aided and accelerated the design and
development of compressors to keep up with the ever-changing needs.

A timeline on the development and environmental concerns which directed and
accelerated research pertaining to vapor-compression systems and rotary compressors is
presented in Table 1.

Table 1. Vapor-compression system and rotary compressor timeline.

Year Description

First vapor-compression refrigeration system was patented by Jacob Perkins that

1834 -y .
utilizes a piston compressor [1].

1856 James Harrison achieved commercial success for his vapor-compression
refrigeration system [1].

1874 Charles Barnes patented the first rotary vane pump [5] that evolved into the sliding
vane compressor.

1916 Douglas Henry Stokes invented the first hermetic compressor that utilizes the
reciprocating mechanism [6].

1950 First computational modeling pertaining to compressor research by Costagliola [7].

1960s Commercial production of rolling piston compressors in Japan [8].

1972 First publicly available literature on sliding vane compressor modeling [9,10].

1978 First publicly available literature on rolling piston compressor modeling [11].
Montreal Protocol was signed to phase out chlorofluorocarbons (CFCs) to repair

1987 ozone depletion [12]; CFCs were commonly used as refrigerants then, so
replacement refrigerants had to be found.

1997 The Kyoto Protocol was signed to reduce greenhouse gas emissions [13].

The Montreal Protocol now included the phase out of hydrochlorofluorocarbons
1998 (HCEFCs) [12]. HCFC refrigerants were initially used to replace CFC refrigerants but
later found to have extremely potent greenhouse effects.
2015 Paris Agreement was signed to reduce greenhouse gas emissions [14].
The Kigali Amendment to the Montreal Protocol was added to include the phase out
2016 of hydrofluorocarbons (HFCs) [12]. HFC refrigerants were also found to have
extremely potent greenhouse effects.

The early studies of compressors begun with physical measurement of their performance.
It was only not until early 1970s when advancements in digital computing gave rise to
the use of computer aided research. Initially, simplified mathematical models assuming
ideal gas, adiabatic, and perfectly sealed processes were formulated. It was only later when
computational power improved, more comprehensive mathematical models were developed
to include physical phenomena such as heat transfer and leakage for accuracy. However,
these were still mainly purposed built lump parameters models (zero dimensional).

Subsequently, when powerful computational resources became more readily available,
more comprehensive 2 and 3 dimensional spatial and time dependent models began to
surface, giving rise to finite element modeling (FEM) and computational fluid dynamics
(CFD) modeling studies. Both FEM and CFD models can be combined into a fluid—solid
interaction (FSI) coupled analysis to study their effects on each other. These computational
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simulation studies were extremely useful in visualizing fluid and/or heat flow to better
understand the intricacies of rotary compressors.

This review is about the research and development aspects of rotary vane positive
displacement compressors available in open literature, focusing on sliding vane and rolling
piston compressors with their design variants. Screw (helical rotors) and scroll (orbiting
scroll profiles) compressors are not included.

In presenting the development and evolution of these rotary compressors, their work-
ing principles are first explained, followed by documenting their various engineering
aspects before ending with the design modifications or variants proposed and studied in
efforts to improve compressor performance.

2. The Sliding Vane Compressor

One of the earliest sliding vane designs was patented in 1874 [5]. A rotor that houses
free sliding vanes would rotate within a stator that can be either elliptically or cylindrically
shaped. The rotor is in the center of an elliptical stator and eccentrically located in a
cylindrical stator to form the working chambers. When the rotor rotates, the varying
chamber volume creates the suction and compression effect. Figure 1 shows the different
schematics of the sliding vane compressor.

Stator

Rotor

Compression
Suction Chamber
Chamber

C )
Ve .
ane Suction

Chamber
Compression

Chamber Vane

(a) (b)

Figure 1. Sliding vane compressor schematics and operating principle: (a) elliptical stator with radial vanes; (b) cylindrical

stator with canted vanes.

In its basic form, sliding vane compressors required no suction or discharge valves
and were designed to operate in accordance to its built-in volume ratio. Any off-design
operating conditions would result in either under or over compression. To overcome
this problem, a discharge valve was recommended [15] and it widened [16] the range of
operating pressures.

The sliding vanes were initially fabricated from polyimide [9] and phenolic resin
laminates [17], which are unsuitable for high pressure and temperature operation since
these non-metallic vanes tend to warp and are thus unreliable. These issues were solved in
1961 when Worthington Compressors introduced metallic vanes [17].

The vane tip must always maintain contact with the inner chamber wall during
operation. When this is not the case, mostly caused by pressure forces acting at the vane
tip, significant internal leakages occur, and subsequently followed by knocking noise when
the vane tip re-stablishes the contact with the inner cylinder wall. This phenomenon is
known as vane chattering which was first investigated by Tojo et al. [18] in 1978. This
phenomenon can be overcome by introducing high fluid pressure at the back of the vane to
counteract the chamber pressure forces at the tip [19].

The sliding vane compressors found application in areas where the pressure pul-
sation, vibration, and noise tolerance are low, such as in automobile, aeronautical, and
air-compression. In addition, sliding vane compressors are able to operate at low speeds to
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reduce friction loss without greatly affecting its volumetric efficiency [20]. However, due
to its multiple-vane design, it still experiences high frictional losses caused by rubbing at
the vane slots and at the vane tips, as compared to those with single vane designs, such as
the rolling piston compressor.

2.1. Performance

In-chamber pressure measurements are required for evaluation of sliding vane com-
pressors, and this was initially achieved by mounting a pressure sensor on the rotating rotor
and transmitting the signal though the slip-ring or slip ringless transmitters [15,21]. Subse-
quently, these pressure measurements were correlated to the rotational angular position of
the rotor using an encoder [22].

In 1978, Tothero and Keeney [23] measured the performance of 4-vane sliding com-
pressors for automotive air-conditioning and noted that their performance was better than
that of the two-cylinder reciprocating compressors, with volumetric efficiencies of 81%
as compared to 67% achieved by the reciprocating compressors. However, Tassou and
Qureshi [24] later found that the volumetric efficiency and overall performance of the slid-
ing vane compressor were poorer than that of the reciprocating compressor due to the large
frictional losses at the vane tips. As compared to screw compressors [25], though having
the same energy consumption, sliding vane compressors have the additional advantage of
having the ability to operate at low speeds to improve mechanical efficiency.

Table 2 summarizes the measured performance for the sliding vane compressor avail-
able in open literature.

Table 2. Sliding vane compressor performance.

Reference Working Displacement Max. Efficiency Remarks/Features
(Year) Fluid per Revolution (Type)
Tothero and o . .
o)z e SThffomerc Auonoe
(1978) y P
Maruyama et al. . 3 3 85% (Volumetric Automotive
[26] (1982) Alr 85.5 cm”, 94 cm efficiency) compressor
Tassou and 80 /; f(f\iglelrllr:e)tnc Open type
Qurreshi [24] R22 142 cm3! o1 v (non-hermetic)
66% * (Isentropic
(1998) o compressor
efficiency)
Cipollone et al. . 31 91.6% ! (Mechanical
[27] (2011) Air 380 cm efficiency) 22 kW compressor

1 Authors’ interpretation of the graphical plot or calculated from given data.

2.2. Engineering

In the early 1970s [10], mathematical models of the sliding vane compressor were
simplified lumped parameter models. Subsequently, more comprehensive models [20,28]
employing real gas characteristics, accounting for internal leakages [29,30], in-chamber heat
transfer, prediction of component temperatures, friction [31], dynamics [32], vibration [33],
oil circulation [34], and even oil injection models [35] were formulated.

Thereafter, three-dimensional computation models employing numerical mathematics
such as CFD modeling were used [36,37]. Advanced simulation processes involving
dynamic meshing technique with moving boundary solution domains for the sliding vane
working chambers were detailed by Bianchi et al. [36].

2.2.1. Optimization

The availability of mathematical models paved the way for computerized design opti-
mization studies. In such a study, the purpose of the optimization (or objective function)
must first be specified. The design variables, which can vary during the optimization
process (often referred to as free variables), must be chosen within the specified ranges or
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constraints. Hence, constrained optimization approaches are often used. If the optimization
approach allows more than one objective function to be described in its organic way; it is
referred to as a multi-objective optimization approach. However, single objective optimiza-
tion approach can always be used to optimize multi-objective problems by introducing the
penalty functions into the objective function.

In sliding vane compressors, optimization studies had been carried out to optimize
the suction process [26], number of vanes [26,38], vane tilt angles [27], thermodynamic effi-
ciency [21], or even its commercial production to minimize costs and maximize reliability [39].

2.2.2. Vane Dynamics and Lubrication

The friction at the vane tips accounted for 80% of the overall vane friction loss [20] in
the compressor. Early designs used non-metallic vanes, such as polyimide vanes which
assumed Coulomb type friction with a friction coefficient of 0.11 at the vane tip [9]. As
operating pressures and speeds increased, metallic vanes were introduced, and with
the presence of the lubricating oil, hydrodynamic lubrication models were developed to
study the oil film thickness and friction at the vane tips [17] and sides [40]. Under such
conditions, the friction coefficient was measured to be 0.055 by Cipollone et al. [27] and
an empirical value of 0.065 was obtained by Bianchi and Cipollone [20] in another study.
Lubrication is highly dependent on operating conditions and working fluids; Basaj [41]
noted these intricacies of lubrication failure mechanisms and recommended lubricants
based on different conditions. In general, lubricating oil film is often difficult to form in
practice, as the vane tip contact points constantly varies, and the situation is worsened by
variation of pressure forces acting on the vane during the compressor operation.

To reduce vane tip friction, it was recommended that lighter vanes be used [42] and
a vane tilt angle of 5° in the rotation direction would provide the best overall perfor-
mance [43].

2.3. Design Variants
2.3.1. Injection Mechanisms

In 1980, Kruse [15] introduced oil injection to reduce the vane tip friction, which
reduced the driving torque for speeds up to 1500 rev min~!. It was found that the con-
ventional oil injection method had negligible effects on cooling the compressor [44]. To
improve the cooling effect, Cipollone et al. [44] used a pressure swirl injector to atomize the
oil prior to injection and found that the power consumption was reduced by 7%. Alterna-
tively, liquid refrigerant injection can also be used to cool the compressor as demonstrated
by Hickman and Neal [45] in 1984.

A summary of the performance for the sliding vane compressor with injection mecha-
nisms is shown in Table 3.

Table 3. Sliding vane compressor performance with injection mechanisms.

Working Displacement per

Reference (Year) Fluid Revolution Max. Efficiency (Type) Injection Type
o 1 ;
Kruse [15] (1980) Air -2 4%  (Isentropic oil
efficiency)
Hickman and Neal 2 o P Lo .
[45] (1984) R22 - 80% (Volumetric efficiency)  Liquid refrigerant
Bianchi et al. [35] . 31 90.6% ! (Mechanical .
(2015) Alr 400 cm efficiency) oil
Bianchi and 9672}&2};;11}:;;)6 tric
. ) . 3 .
Cipollone [42] Air 378 cm 88.5% ! (Mechanical Oil
(2015) S
efficiency)
Cipollone et al. . 31 90.7% ! (Mechanical Oil atomizer spray
[44] (2015) Alr 400 cm efficiency) cooling

1 Authors’ interpretation of the graphical plot or calculated from given data. 2 Information not available in
literature.
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2.3.2. Design Variations

To further improve the performance of sliding vane compressors, design improve-
ments were introduced such as a slider mechanism presented by Taguchi et al. [46] for
improving suction loss at high operating speeds in automotive applications.

To reduce frictional losses at the vane tips, Gu et al. [47,48] proposed a sliding vane
compressor variant in which one of the vanes is connected to the cylinder such that it will
rotate together with the rotor component. The relative velocities between the vane tips and
cylinder walls are now lower, reducing frictional losses by up to 10.2%.

Another design variant [49] consists of two free sliding vanes within each slot to
improve lubrication and sealing. In addition, Wang et al. [50] proposed the use of an
asymmetrical cylindrical stator in which its profile was generated with an exponential
spiral function to increase the compression ratio.

1. Fixed Vane Variants

To solve the issue of vane chattering, a design variant with connecting rods that
maintained the radial positions of the vanes was introduced by Smith and Harrison [51]
which improved volumetric efficiency by 3%.

Another variant proposed by Edwards [52,53] eliminated vane tip friction by main-
taining clearances between the vane tips and the stator wall. Sealing at the vane tips was
achieved when centrifugal force filled the clearances with lubricant.

A summary of the performance for these fixed vane variants is shown in Table 4.

Table 4. Performance of fixed sliding vane variants.

Reference Working Displacement Max. Efficiency
(Year) Fluid per (Type) cor Type
Revolution
Edwards [52] ® ﬁff(ilcsizrrlltcr;)plc Controlled
3
(1988) R114 490 cm 92% (Volumetric 4.85 rotary vane
- mechanism
efficiency)
o/ 1 :
Smith and 67% fﬁ(liserrlltr?plc Groll rotary
Harrison [51] -2 227 cm’ e1 gency) 441 vane
88% * (Volumetric .
(1992) . mechanism
efficiency)

! Authors’ interpretation of the graphical plot or calculated from given data. 2 Information not available in
literature.

2. Spool Compressor

The spool compressor [54] was introduced in 2008 as a variant of vane compressor in
2008 with the intention to avoid vane tip contact at the chamber walls and reduce friction
losses. Thereafter, spring loaded tip seals at the vane tips [55] and an end-face hybrid
seal [56] were introduced to improve compressor volumetric efficiency. Another study
explored the feasibility of using poppet valves to improve the discharge process in the
spool compressor [57].

As development on the spool compressor continued, a dimensionless number that
is the ratio of frictional loss to working volume known as the Zsoro number was intro-
duced [58-60]. Mathematical models for predicting spool compressor performance were
developed [61,62] and measurements and other analyses were also carried out to study the
compressor performance [63-67].

Lastly, injection mechanisms for the spool compressor were investigated, with one
utilizing multiple vapor injection ports [68] and another one with oil injection for oil
flooded operation [69].

3.  Coupled Vane Compressor
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A new compressor called coupled vane compressor was presented in 2018 by Ooi
and Shakya [70] as shown in Figure 2. Unlike all other rotary compressors available today,
coupled vane compressor allows a very small rotor to be used, and hence, resulted in a
very compact rotary compressor. This is achieved by allowing the vanes to diametrically
pass through the rotor. Preliminary theoretical and measurement [71,72] showed that it
has potential of reducing the pump end by at least 40% in physical size, which potentially
saves a lot of materials in fabricating it.

Suction

mber
Leading

Cha
Cylinder [] Vane

Rotor

Compression
Chamber

<5

Trailing
Vane

Figure 2. Coupled vane compressor working principle.

3. The Rolling Piston Compressor

The rolling piston compressor was developed in the 1960s and it is the most widely
compressor in room air conditioners (RAC) today. Mass production began in 1967 [8]
by Toshiba. Today, the annual global production volume of this compressor has been
consistently hovering around 200 million units from 2017 to 2020, with China producing
approximately 90% of the total volume [73]. It is so widely used that the commercial term
‘rotary compressor’ is synonymous with the rolling piston compressor.

The rolling piston mechanism consists of a roller mounted on the eccentric cam of the
driveshaft within a cylinder as shown in Figure 3. The vane and the contact between the
roller and inner cylinder wall separate the suction chamber from the compression chamber.
During operation, the driveshaft rotates and with it, the roller piston would orbit within
the inner cylinder. The changes in volumes of the chambers would result in a suction and
compression cycle of the fluid every two revolutions.
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Figure 3. Rolling piston compressor working principle.

3.1. Performance

Since inception, the rolling piston compressor has boasted good efficiencies coupled
with a compact and simple design. An example would be for water heater applications [65]
where the rolling piston compressor outperforms the reciprocating compressor for all
environmental conditions.

A summary of the performance for rolling piston compressors is shown in Table 5.

Table 5. Rolling piston compressor performance.

Reference Working Displacement Max. Efficiency
(Year) Fluid per Revolution (Type) Remarks/Features
Chu et al. [74] R22 2 93% (Volumetric 2
(1978) efficiency)
95% (Volumetric
Ozu and Itami 2 2 efficiency) .
[8] (1981) - - 90% (Mechanical 7000 BTU h
efficiency)
94% (Volumetric
efficiency)
Matsuzaka and o .
Nagatomo [75] R22 9 cm3! 4% (M.echamcal -2
(1982) efficiency)
74% (Overall
efficiency)
Wakabayashi 31 93% (Mechanical >
etal [76] (1982) 1% 10.5 cm efficiency) -
98% (Volumetric
Sakaino et al. > 3 efficiency) >
[77] (1984) - 569 cm 92% (Mechanical -
efficiency)
91% (Volumetric
Sathe et al. [78] 3 efficiency) Miniature rolling
(2008) Ri34a 14 com 70% (Isentropic piston
efficiency)

1 Authors’ interpretation of the graphical plot or calculated from given data. 2 Information not available in
literature.
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3.2. Engineering

Early mathematical models available in open literature provided comprehensive
analysis which included internal leakage [11,74], friction [11], and thermodynamic loss
models [74]. Thereafter, even more comprehensive models were introduced which in-
cluded considerations for heat transfer, variations in lubricant oil viscosities, instantaneous
chamber properties [76], and even leakage models for variable clearances [79]. In addition,
CFD simulations are useful for visualization of the refrigerant flow [80] in the working
chambers and better understand spatial variations of fluid properties.

Furthermore, empirical [81,82] and semi-empirical models [83] were also developed
to simplify and shorten the computational time for modeling compressor performance.
The semi-empirical model formulated by Molinaroli et al. [83] only required eight input
parameters and had a performance prediction accuracy of £5%. Another novel method
of reproducing the cyclic pressure variation in the compressor was presented by Farkas
etal. [84] and used mathematical functions for non-linear oscillators to curve-fit the pressure
profile.

3.2.1. Optimization

To improve performance, it was recommended that reducing the mass of the piston
would improve mechanical efficiency and vane reliability [85]. Efficiency charts were
typically used to locate the maximum efficiency point [86-88]. Ishii et al. [86] found an
optimum combination of parameters to achieve the highest mechanical efficiency based on
a fixed volume but an optimum combination could not be found when both the volume
and cylinder diameter parameters are fixed.

A study by Ooi [89] using a computerized automatic multi-variable constrained
optimization with penalty functions, improved the coefficient of performance (COP) by 14%.
Thereafter, to handle multiple objective functions, a genetic and evolutionary algorithm [90]
was employed.

3.2.2. Transient Analysis

In early RACs, compressors were subjected to on-off mode to control the room temper-
ature. The periodic starting operations can be termed as warm start-up. Hence, transient
analysis of compressors was an important aspect of study. These mathematical models
included start-up dynamics [91], mechanical and internal leakage losses [92]. Apart from
theoretical analyses, experimental investigations were also conducted for warm start-up
operations with R290 [93,94].

Another aspect would be cold start-up operations whereby the compressor is first
started at low temperature conditions and the lubricant viscosity might be insufficient for
lubrication [95]. Another concern would be the ingestion of liquid refrigerant from the
evaporator and into the compressor during start-up operation [93,96]; as liquid is incom-
pressible, the resultant pressure spike can damage the components when compression is
attempted. Mitigation methods for this phenomenon would be to instigate a slow start and
allow heat transfer in the working chamber to vaporize the liquid refrigerant [97] before
transitioning to steady-state operation.

3.2.3. Heat Transfer

Heat transfer studies can be split into two categories. The first type focuses on heat
transfer within and between compressor components, which utilized lumped mass or
lumped thermal conductance models [98,99] to calculate steady-state operating tempera-
tures. These models split the compressor into multiple elements which allow for calculation
of temperature distribution within the individual components.

The second type focuses on in-chamber heat transfer between the working fluid and
the chamber walls [100] which assumes homogenous temperature distribution of the fluid
and is crucial for determining the thermodynamic efficiency of the compressor. Other than



Machines 2021, 9, 125

10 of 26

the Nusselt number correlation for in-chamber heat transfer, a flow visualization of the
working fluid in the chamber is required to determine the characteristic length and velocity.

Subsequently, FSI simulations were carried out to combine the effects of both in-
chamber and inter-component heat transfer. This provided an accurate representation of
the entire spatial temperature distribution of the compressor during steady-state opera-
tion [101] and can even be extended to include the circulating effects of the lubrication
network [102]. Another FEM study performed by Wu and Li [103] found large deforma-
tions in the cylinder component during operation due to non-uniform thermal and pressure
loads but these deformations were beneficial in reducing leakage losses in the compressor.

3.2.4. Internal Leakage

Internal leakage occurs when high pressure fluid in the compression chamber leaks
through clearances into the suction chamber and re-expanded. This cycle of compression
and re-expansion is a waste of energy which also increases the temperature of the working
chamber, further increasing energy consumption and may result in overheating.

Analytical studies that focused only on internal leakage can be broadly classified
into either single-phase flow [104] or two-phase flow whereby either the working fluid
or a homogenous mixture of working fluid and lubricant is assumed to leak, respectively.
Another method would be to analyze the flow of oil through the clearances and derive the
refrigerant leakage based on its solubility in oil [105].

Single-phase flow leakage models assume isentropic flow [11] with a correction term
such as a flow coefficient [74,106] which can include viscous [107,108] and/or inertial
effects [109] for accuracy. On the other hand, homogenous two-phase flow models assume
thermal equilibrium [110] or isothermal conditions [111,112]. Additionally, spatially vary-
ing temperature distribution of the homogenous two-phase flow model [113] may be taken
into consideration but increases model complexity.

Comparing both models, Cai et al. [114] concluded experimentally that no leakage
model can single-handedly model the leakage across the wide range of operating and
geometric variations. Subsequently, a semi-empirical two-phase leakage flow model was
formulated, providing greater accuracy than theoretical flow models [115].

3.2.5. Compressor Dynamics and Vibration

As a rotary machine, the rolling piston compressor possesses better vibrational char-
acteristics than the reciprocating compressor. However, due to the eccentric cam and its
orbiting motion, the compressor may still be subjected to vibration which can be rectified
with dampers [116] and/or rotational balancing [117]. Hence, the dynamics of the rolling
piston compressor is another important area of study.

Early literature was focused on force analysis [118], friction [119], and compressor
dynamics [120]. Subsequently, equations of motion for the rotational vibration [121,122]
of the compressor were formulated, some of which focused on low-speed operation for a
dual cylinder variant [123].

FEM is also used for modal and vibrational analyses [124-126] of the rolling piston
compressor. These analyses were far more accurate than analytical models and could
even account for whirling or deformation of the shaft due to dynamic loading during
operation [125].

Acoustical analyses were carried out and found that discharge pulsation due to
its cyclic discharge nature was the main source of noise instead of mechanical vibra-
tion [127-130]. An FSI simulation of the discharge valve [131] noted that the impact of
the valve against the valve stop contributed to the noise as well. Noise arising from vi-
bration of the components can be mitigated by directly reducing vibration, such as using
dampers [116] or reinforcing the compressor housing and internal mounting structure [129].
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3.2.6. Valve Mechanics and Port Flow

The discharge valve is a necessary component for regulating the discharge pressure by
ensuring that the working fluid is discharged at the required pressure. However, it brings
about discharge pulsation and unnecessary noise. These effects can be mitigated through
discharge port design [128] and/or by using a discharge muffler [127,129].

Additionally, it also causes over-compression loss since more work is required to
actuate the discharge valve. This was studied both analytically [132,133], experimen-
tally [77,134], and with CFD simulations [130,131,135]. Methods to reduce loss would be
to increase the number of discharge ports [136] or to implement valves that are easier to
actuate, such as thinner and longer reed valves [137].

On the other hand, suction flow can potentially be another source of loss. This is
known as suction loss whereby poor suction pipe and port design would hinder the intake
of working fluid into the working chamber. This phenomenon was first studied analytically
and experimentally in 1988 by Kakuda et al. [138]. It was found that the suction pipe
geometry could be modified to take advantage of the pulsation effect and increase the
suction flow rate. Subsequently, the study was extended to variable speed operation [139],
thus improving the capacity and volumetric efficiency but at the cost of lower overall
efficiency [140].

3.2.7. Vane Dynamics and Vane Tip Tribology

The spring-loaded vane has also been attempted to ensure vane tip contact is main-
tained. However, this is not popular since repetitive compression results in premature
spring fatigue failure [141]. Additionally, the spring force is also insufficient to maintain
vane tip sealing during operation due to high fluid pressure forces that push against the
vane tip. To overcome this, discharge pressure is channelled to the back of the vane to
counteract the vane tip fluid pressure. However, during start-up operation when discharge
pressure is still building up, fluid pressure forces may overcome the spring force to break
the seal, resulting in a vane jumping phenomenon [142].

As high forces are required to ensure a good vane tip seal, a trade-off results in the
form of high frictional losses and wear. Early studies were focused on friction analysis
between the vane and roller [110,118]. Subsequently, a tilted vane design was proposed
and hypothesized to reduce vane tip losses, but this did not work well although it did
reduce the wear rate [143].

Subsequently, lubrication models for the vane tip and roller interface were formulated,
the earliest model employing the elastohydrodynamic lubrication (EHL) theory [144,145].
Subsequently, mixed lubrication models [146,147] were developed to better model the in-
terface, with considerations for asperity contact [148-150] and for elastic deformation [151].

Wear occurs in the compressor can be accelerated by incorrect lubrication conditions.
Tribological and wear studies [152-155] were performed to understand wear characteristics
and estimate the wear rates for various combinations of refrigerants and lubricants. Other
than wear at the vane tip, wear between the vane and slot was also observed. This causes
the vane to eventually tilt and further aggravate wear [156]. To reduce wear, the use of
material coatings such as titanium nitride (TiN) [144,157] or tungsten carbide [158] on the
vane was proposed.

3.2.8. Compressor Lubrication

Apart from the vane tip and roller interface, lubrication is an important aspect for reli-
able compressor operation and lubricating oil also serves as a sealing medium at clearances
to reduce internal leakage. Insufficient lubrication can result in elevated internal leakages
and metallic contact at rubbing interfaces which increases wear, even causing seizures.
Apart from engineering analysis and design to improve lubrication, nanocomposite lubri-
cant additives can be introduced to improve lubrication performance by reducing friction
coefficient and frictional heating [159].
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Experimental lubrication studies include the determination of oil supply rate [160],
oil foaming phenomenon [161], changes in oil viscosity due to refrigerant solubility [162],
and effectiveness of the oil film for hydrodynamic lubrication [163]. A novel method that
measured electrical resistance at rubbing interfaces was developed to evaluate lubrication
conditions—a sharp drop in the measured electrical resistance would mean metallic contact
at the interface, indicating lubrication failure [164]. In addition, a high-speed camera was
also used to visualize the transient uptake of oil in the supply shaft during compressor
starting operation [165].

Theoretical studies on oil flow through the radial clearance [166], bearing hydrody-
namic lubrication [119,167] and lubrication network of the compressor [168-170] were also
carried out. Hydrodynamic lubrication models and lubrication network models are used
together, the former to determine the oil requirements, and the latter to ensure sufficient
flow of oil. The mixed EHL model was also applied to analyze the coupled journal-thrust
bearings [171] of the compressor to study its lubrication characteristics. A comprehensive
CFD analysis of the entire compressor was also performed [172] to study the effects of
lubrication on compressor performance.

During compressor operation, the miscibility of oil and refrigerant is crucial. Lubricant
that is channelled into the working chamber for lubrication will mix with refrigerant vapor
to form oil mist and refrigerant. Most of the oil mist will be separated before the discharge.
Oil recirculation rate should be kept minimum to avoid oil depletion in the o0il chamber for
lubrication. Excessive oil circulation in the entire system will impair heat transfer at the
heat exchangers or even clog the system.

Experimental studies were carried out on oil mist discharge [173,174], including
mitigation [175] and oil separation methods [176]. Additionally, CFD studies involving
two-phase flow with FSI were used to visualize the flow and separation of oil [177].

3.2.9. Refrigerants

As the industry started to avoid using ozone-harming chlorofluorocarbon (CFC)
refrigerants in the 1990s, the formulated mathematical models were useful for predicting
compressor performance with new refrigerants to make design changes for adaptation to
the new refrigerants. Due to the refrigerant changes, thermodynamic properties are now
different, and the various aspects of the compressor would have to be re-evaluated. These
included performance studies that were conducted on replacement refrigerants such as
R134a, R502, R22 [178], and R410a [179]. Subsequently, these new replacement refrigerants
with high global warming potential (GWP) will also be replaced. Naturally occurring fluid
such as carbon dioxide [180] has also been attempted.

Additionally, with regards to compressor lubrication and internal leakage, charac-
teristics and compatibility of the new refrigerants with lubricating oils would have to be
assessed as well. The different solubility rates of the refrigerants would affect the viscosity,
which may impair lubrication [181], especially at the vane tip [150].

Amongst the replacement refrigerants with low GWP, R290 was found to have the
best performance [182] and in an investigation on two-phase compression in the event of
liquid slugging [183], R290 also had the least detrimental effect on the compressor due to
the large difference in its specific volume between the liquid and vapor phases. Extensive
research on the performance of the rolling piston compressor with R290 was thus carried
out, which included transient start-up investigations [93,94], and effects of component
deformation [103] in lieu of the associated higher operating pressures.

For R290, its high solubility in polyalkylene glycol oil resulted in higher leakage
losses [112]. Evaluation of lubrication performance using R290 with mineral oil was
carried out at high ambient temperatures [184] along with reliability testing that indicate
both mineral and synthetic oil are compatible with R290 [185] although higher friction
coefficients were observed with mineral oil at the vane and roller interface [155]. Empirical
correlations for the solubility of R290 in mineral oil and the resultant oil viscosity were also
formulated [186].
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3.3. Design Variants

To improve compressor performance, interesting design improvements were proposed
in literature such as the addition of an oil stirrer [187,188] or tapered oil suction pipe [189]
to improve oil flow and lubrication, or even a low-pressure shell design [190] to improve
mechanical efficiency.

Furthermore, design changes can lead to the creation of variants; some of which
include a miniature compressor with a capacity of only 1.4 cm3 [78], oil-free rolling pis-
ton [191], an oil-free variant with a swivel vane component to reduce vane tip friction [192]
and even a hollow rotor variant to increase compressor capacity [193-195].

3.3.1. Dual Cylinder and Two-Stage Rolling Piston Compressors

In the interest of expanding the application of rolling piston compressor to handle
higher capacity applications, the dual cylinder or twin cylinder design is introduced.
Furthermore, the two cams are rotationally balanced, resulting in better vibration charac-
teristics with lower amplitudes [196] and smaller bearing loads [197].

The earliest dual cylinder rolling piston design was presented by Sakaino et al. [196]
in 1986. Since then, various engineering aspects of the dual cylinder rolling piston have
been studied, which included dynamics [197], optimization [198], discharge flow [199],
and lubrication [200]. With the phase out of harmful refrigerants, studies on dual cylinder
performance [201] and lubrication [202,203] with new refrigerants were also carried out.
Additionally, the performance of dual cylinder rolling piston in novel applications has
been evaluated, such as in combination with a conventional rolling piston for two-stage
compression [204], variable speed operation with vapor injection [205], and even two-stage
compression with inter-stage injection [206].

Alternatively, the dual cylinder rolling piston can be used for two-stage compression
systems instead. Each cylinder is designated as a separate stage, which conveniently
combines the compressors for each stage into a single unit. It is useful in systems that
require high pressure ratios such as that of the carbon dioxide cycle [207,208].

Experimental evaluations of the two-stage, dual cylinder rolling piston compressor
were carried out which showed that it had higher cooling capacity and COP [209]. To
improve performance, a novel capacity modulation method to control compressor opera-
tion depending on flowrate requirements was proposed [210] and better performance was
obtained when compared to other systems [211]. In addition, an inter-stage vapor injection
port was implemented into a two-stage, dual cylinder compressor and a 2% improvement
in COP [212] was obtained.

A summary of the performance for the dual cylinder and two-stage rolling piston
compressors is shown in Table 6.
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Table 6. Performance of dual cylinder and two-stage rolling piston compressors.
Reference . . Displacement Max. Efficiency
(Year) Working Fluid per Revolution (Type) Type
98% (Volumetric
Sakaino et al. 2 80.6 cm’3 efficiency) Dual cylinder
(1986) [173] Hem 92% (Mechanical rolling piston
efficiency)
80% (Volumetric
Dreiman et al. o 2 efficiency) Two-stage
(2004) [183] 2 60% (Isentropic rolling piston
efficiency)
88% (Volumetric
Yang et al. (2012) 31 efficiency) Two-stage
[184] €O, 3.3 em 90% (Mechanical rolling piston
efficiency)
92% (Volumetric
Lee et al. (2016) 3 efficiency) Two-stage
[186] R410A 15 em 94% (Mechanical rolling piston
efficiency)

! Authors’ interpretation of the graphical plot or calculated from given data. 2 Information not available in
literature.

3.3.2. Injection Mechanisms

Injection mechanisms were also introduced to improve performance in severe envi-
ronmental conditions such as cooling in desert environments or heating in tundra environ-
ments. Refrigerant vapor is injected into the working chamber for cooling. This helps to
increase the compressor capacity and COP of the system.

Refrigerant injection can be achieved either through the vane [135,213] or the end-
plate [214]. A check valve was initially required for endplate injection to prevent backflow,
but with optimizations [215], it can be eliminated [216].

3.3.3. Compressor Orientation

The oil sump for lubrication is typically located at the lowest point in the compressor
and this is a necessary requirement for the lubrication network to work. This would thus
restrict the rolling piston compressor designs to a fixed orientation.

Therefore, in the development of the compressors for various orientation applica-
tions [217], lubrication systems would have to be redesigned. Some redesign works include
utilizing the reciprocating vane motion as an oil pump [218,219] and formulating new
mathematical models for these lubrication systems [220,221].

3.3.4. Swing Mechanism

In 1996, Daikin Industries [222] introduced the swing compressor where the vane tip
friction was completely eliminated by fixing the vane onto the roller while the other free
end would slide and pivot in the cylinder slot during operation.

Due to absence of vane tip friction, the swing compressor enjoys higher mechan-
ical efficiency compared to the rolling piston especially at higher pressure ratios [223],
better overall performance [222,224], and better lubrication characteristics [225]. It also
possessed better efficiency than the scroll compressor at small capacity applications below
7.7 kKW [224].

Development of the swing compressor included noise reduction for quieter opera-
tion [226,227] and adapting the mechanism to work with replacement refrigerants such as
carbon dioxide [228] and R32 [229]. Other novel endeavors included the development for
oil-less operation [230] and its leakage model [231].

Design variants for the swing compressor exist as well and some of these included
a hollowed-out roller that increases the working volume [232], a redesigned discharge
mechanism that removes the need for discharge valves [233-235], and the use of swivel
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vanes rather than fixed vanes. These swivel vanes can either be fixed onto the roller [236,
237] or the cylinder [238,239]. Two swivel vanes may even be implemented to increase the
displacement capacity per revolution [240]. Lastly, another novel variant modified the vane
and slot mechanism into a U-shaped swivel slot with a shorter vane to reduce compressor
size [241].

A summary of the performance for swing mechanism compressors is shown in Table 7.

Table 7. Swing mechanism compressor performance.

Displacement per Max. Efficiency
Revolution (Type)

97% 1 (Volumetric

Reference (Year) Working Fluid Remarks/Features

Masuda et al. [222] R134a, R407C, 12.8 em3 Swing compressor
(1996) R410A : efficiency) § comp
89% (Mechanical . .
Shintaku et al. R22 25.2 cm3 efficiency) Vf;ar}t;s‘gwﬁl
[236] (2000) < cm 96% (Volumetric vane fixed o
. roller
efficiency)
Okur et al. [237] A 5 90% (Isentropic Variant-hinged
(2011) 1" - efficiency) vane on roller
91% (Volumetric
Pan et al. [234] 3 efficiency) Valve-less swing
(2019) R410A 105 e 79% (Isentropic compressor
efficiency)
Lim and Ooi [241] . 31 92% (Volumetric Variant-U-vane
Air 24 cm .. .
(2020) efficiency) swing compressor

1 Authors’ interpretation of the graphical plot or calculated from given data. 2 Information not available in
literature.

3.3.5. Synchronal Rotary/Revolving Vane Compressor

Another novel variant would be the synchronal rotary compressor, otherwise known
as the revolving vane compressor. It was first introduced by Qu et al. [242] in 2004 with the
theoretical model for the geometry and working volume. Instead of the roller following
an orbiting motion in the cylinder, it is now a rotor that is connected to the cylinder via
a swivel vane and both the rotor and cylinder rotates together during operation. The
co-rotating rotor-cylinder mechanism results in lower friction losses due to lower relative
velocity between components. At the same time, vane tip friction is eliminated completely.
The working principle of the revolving vane compressor is shown in Figure 4.

Discharge
Chamber

=

Vane

Suction
Chamber

Cylinder

-

Discharge
Chamber

Figure 4. Revolving vane compressor working principle.
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Another early design iteration of the mechanism was presented by Dreiman and
Bunch [243] in 2006 with the vane fixed onto the cylinder and the mechanism driven via
stator magnets as if it was a motor rotor instead.

The synchronal rotary mechanism was later adapted by Qu’s research team for multi-
phase pumping applications in which theoretical and experimental analysis for the mech-
anism with varying inlet gas fractions [244,245] was carried out complete with in-depth
analysis for the suction port design [246] and optimization [247].

Subsequently, an experimental evaluation [248] and comprehensive model was pre-
sented in a series of literature which focused on frictional losses [249], rotating discharge
valve dynamics [250], and leakage characteristics [251]. Further improvements to the com-
pressor model included a two-phase flow leakage model [252], oil-free leakage model [253],
in-chamber heat transfer model [254], end-face friction [255,256], and rotational vibra-
tion [257].

At the same time, design enhancements were made to the revolving vane compressor
by replacing the original swivel vane with a fixed vane [258] to remove vane side friction
losses and a bearing design method [259] for the compressor. Experimental validation
showed that vane side friction only made up 2% of the overall frictional losses [260].

Lastly, a new variant of the revolving vane compressor was introduced by Yap et al.
in 2014 [261,262] and shown to improve COP by 36.6% [263]. Known as the cross-vane
expander-compressor (CVEC), it combines both the compression and expansion processes
of the vapor compression cycle into a single device by hollowing out the rotor to function
as a separate expansion working chamber.

A summary of the performance for synchronal rotary/revolving vane compressors is
shown in Table 8.

Table 8. Synchronal rotary/revolving vane compressor performance.

Reference Working Displacement Max. Efficiency Remarks/Features
(Year) Fluid per Revolution (Type)
o1
Teh and Oof Air 325 cm? 34.6 (Vi ?lrﬁ tri Swivel vane design
[248] (2009) em® o umetric &
efficiency)
Tan and Ooi . 31 26% (Mechanical . .
[260] (2014) Air 1.7 em efficiency) Fixed vane design
45% (Volumetric
Aw and Ooi . 3 efficiency) Oil-free, fixed vane
[253] (2021) Alr 50 cm 1% (Isentropic design
efficiency)

1 Authors’ interpretation of the graphical plot or calculated from given data.

4. Concluding Remarks and Future Outlook

This paper reviewed the different engineering aspects of rotary compressors and
traced their developmental history. Initial development of these rotary compressors was
born from and driven by industrial needs to showcase their superiority over reciprocating
compressors. Since then, they became popular, further driving development and has been
evolving and improving over the years, adapting to ever-changing industrial and societal
needs.

In the pursuit of progress, compressor performance has improved by leaps and bounds
although some of the more recent improvements may be incremental. New design variants
inspired by these rotary compressors have been developed in attempts to provide further
improvement in performance. Although Carnot machines are not feasible end-goals for
such R&D, it is believed that irreversiblities in existing compressors can still be reduced
with further research efforts.

Research and development is still going strong despite the technological maturity of
the rolling piston and sliding vane compressors, although design variants and new rotary
designs may be starting to take center-stage since they have more potential for significant
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improvements. Moreover, as society is being affected by worsening climate change at
the turn of the 21st century, escalating needs for cooling and heating applications would
warrant the development of compressors with increasing capacities. Additionally, with
the focus on safeguarding the environment, development of ‘green” compressors has also
become more attractive.

Efforts towards improving energy efficiency for even ‘greener’ compressors include
conventional engineering approaches such as optimization or design improvements. For
example, the switch to environmentally friendly refrigerants would require optimization
of existing compressor designs to adapt to these new refrigerants. However, as these
conventional approaches mostly bring about incremental improvements, more novel ideas
would be required to advance these improvements.

Some of these novel ideas take the form of new rotary compressor designs such as
spool compressors and synchronal rotary compressors with the potential to outperform
conventional sliding vane and rolling piston compressors.

Alternatively, with advancements in artificial intelligence (AI) and internet-of-things
(IOT), new Al-driven control algorithms have been commercially applied to monitor
and adjust compressor performance in real time based on changing or even predicted
requirements and conditions.

Another of these novel ideas would be looking into the material selection and applica-
tion aspect for compressor development. An example would be by Shaffer and Groll [264]
who explored the use of composite plastic materials for oil-free scroll compressors. With
materials engineering, applications of alternative materials such as composite plastics need
not be limited to only oil-free compressors but all machines in general.

There are many possibilities when incorporating materials engineering into compres-
sor research: light-weight yet strong composite materials could be used to replace the
traditionally metallic components; materials with self-lubricating or good lubricity proper-
ties can be used to replace or coat rubbing components without compromising strength
and structural integrity. Apart from reducing power consumption of the compressor by
lowering the inertia of the components, frictional losses are lower as well.

Another novel and ‘green” approach would be research on reducing the carbon foot-
print of compressor production. For example, compressor design for manufacturing and
assembly (DMFA) can be further refined to simplify the production process or to introduce
new compact designs such as the coupled vane mechanism which reduces material con-
sumption during the production process. Advancements in additive manufacturing may
remove certain existing design limitations while also improving manufacturing efficiency.

In addition, research that goes towards improving the reliability of compressors and
prolonging their working life would also help in reducing the carbon footprint. Apart
from research on understanding the mechanics of wear and tear to implement design
changes such as those reviewed in this paper, the implementation of replacement or coating
materials to improve compressor reliability using materials engineering might be feasible
and attractive.

Therefore, for research and development on rotary compressors to better keep up with
industrial and societal needs such as increasing capacities and energy efficiencies, it is of
the authors’ opinions that apart from conventional engineering approaches and innovating
new designs, multi-disciplinary research may very well be the next frontier that would
bring about exciting advancements in the future.
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