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ABSTRACT

The basic mechanism of the novel rotary spool cesgor has been described previously by Keta. (2008,
2010). The device combines various aspects ofyatad reciprocating devices currently well undesdtto achieve
high efficiency at a low manufacturing cost. A dims@nless variable, the Zsoro number, is developbith
represents the ratio of the geometric configuratibthe compressor relative to the potential faotcomponents of
the compressor. This nhumber allows for rapid evadnaof the geometric features of the device. Fopratotype
spool compressors have been tested using R410/ARABdA at standard air conditioning conditions witirious
Zsoro numbers. Experimental data collected havenvsha strong correlation between the overall isqntro
efficiency and Zsoro number. These results hawevalll for rapid design iteration of the rotating Gpcompressor.
The most current prototype compressor has opessitlda 5% higher overall isentropic efficiency thartypical
commercial rolling piston compressor and within 8#& commercial scroll compressor.

1. INTRODUCTION

The rotating spool compressor is a novel rotarym@ssor mechanism most similar to the sliding varapressor.
Primary differences are described by Keehpl. (2008, 2010) and include three key differences feosfiding vane
compressor.
* The vane is constrained by means of an eccentrit a@éowing its distal end to be held in very close
proximity to the housing bore (typically less tHtaB80mm) while never contacting the bore.
* The rotor has affixed endplates that rotate withaéntral hub and vane forming a rotating spool.
» The practical use of dynamic sealing elements toimgze leakage between the suction and compression
pockets as well as between the process pockettharmmpressor containment
These differences are shown in Figure 1 which prissz cutaway view of a rotating spool compressth the key
geometric features highlighted.
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Figure 1: Cutaway view of rotating spool compressor mechmanisth key components highlighted.

Due to the ever increasing need for increased pedoce envelopes and energy efficiency air conditigp and
refrigeration system technologies has greatly esablover the last 30 years. Shortly after the irioapbf vapor
compression systems, the market was dominated byypes of compressors, the reciprocating comprdssdhe
smaller cooling capacity and the centrifugal corapeoe for the larger cooling capacity systems. Tvas dictated,
for the most part, from a knowledge base and matwfag capability (Soumeri, 2010). This gave waywarious
compressor designs implemented over the next 3fsytbat capitalized on newer manufacturing techgwland
met the ever increasing efficiency requirementsatiécl by regulation. By example ASHRAE 90.1 has daded an
improvement in chiller efficiency of 61% since 19While employing refrigerants with lower cycle efncy
(Lord, 2009). This has produced a current technmalfile in the market that encompasses at leagerse
fundamental device types in various configuratiamith various optimum technical features.

The spool compressor is a novel device that corsbiagious design attributes of other technologigsently in
production to achieve high efficiencies while maining low production costs. The present work ctigmrizes the
performance of the spool compressor, identifiesateas of loss and, identifies the benefits as teéte to the
current market demands. This is accomplished thrdhg iteration of prototype spool compressor desighich
explore a variety of geometric configurations apeémating conditions. A dimensionless number is e to aid
the design iteration which represents the frictiolwsses relative to the displaced volume. The qiypie
configurations are evaluated for trends in perforoeaand key geometric parameters are identifieddtition, the
current prototype performance is benchmarked ag#iesperformance of a rotary and scroll compre&son the
current air-conditioning market.

2. DESIGN EVOLUTION

Rapid design evolution is required in the earlygstaof any new compressor development. Working witiew
compressor concept, first the basic mechanism past the proof of concept, which has been presdmytédemp
(2008, 2010). Then the compressor volumetric aretallisentropic efficiencies must be improvedhe point of
commercial viability. This involves rapid prototypeanufacture as well as basic analysis to pretietpbotential
benefits of changes in the compressor design. §dttion outlines the various rotating spool comgwegrototype
configurations explored and the design methodolepd for iteration.

The rotating spool compressor platforms that weraluated are listed in Table 1 along with theirpexdive
displacements. The evolution of these prototypesmpassed two major trends. The first was anteffomprove
the stability of the rotating assembly in orderke able to operate at high speed while also impgpthe
manufacture of the parts to reduce internal clegsiand improve volumetric performance. The set@mil was to
change the overall geometry to improve the dragdeselative to the displacement increasing theativisentropic
efficiency.
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A key element in the performance of the spool casgor is in the frictional losses in the activelingaareas
relative to the compressor displacement volumeimedsionless number was developed, called the Zsanber,
which relates the effective frictional load to tie¢al displaced volume of the compressor.

Zsoro = Resr * Agsa/Dp 1)

Using the Zsoro number allowed for rapid evaluaténhe potential performance improvement of thenpoessor
based on its design geometry. To maximize comprgssdormance the goal was to decrease frictioosdds per
revolution and simultaneously increase mass flohis Tradeoff is represented by a decreasing Zsaraber.

Therefore, the subsequent designs since RCP 3d dwsh had a smaller Zsoro number than the predesign

platform. The Zsoro number for each rotating spmwhpressor design platform is given in Table 1.

Table 1: Rotating spool compressor platforms tested sind® 2@th the displacement and Zsoro number of each

platform.

Compressor # | Displacement | Zsoro Number
RCP2.1 61.45 cclrev 8.79
RCP3.1 10.24 cclrev 44.07
RCP4.2 46.54 cclrev 1.63
RCP5.3 39.33 cclrev .168

As each successive prototype compressor was desthaes were efforts made to improve factors, mobanted

for by the Zsoro number, which would additionalljngrove the overall performance. Each prototype had
incrementaly better bearing designs, improved mtaikd discharge porting, improved internal cleagaralowing
better management of the internal leakage pathadtition to the design geometry accounted forH®y Zsoro
number key elements to the overall performancé®ftbmpressor are the active sealing elements vildtide the

tip seals and the spool seals. A detailed discossidhose are beyond the scope of this paperteuaddressed in
Kemp et al. (2012) and Kemp et al. (2012a). Addiiocomprehensive modeling efforts, which incorperal of

the design elements, of the spool compressor acepbsented in Bradshaw et al. (2012), whichse autside of
the scope of the current work.

3. PERFORMANCE EVALUATION

3.1 — Test Method

Testing was conducted on a hot gas bypass typsttest, shown in Figure 2, the compressor powsupplied by
an external motor and is transmitted through acmmacting type strain gage, which is also equippithl a speed
sensor. The gas flows through an external oil s#paand after separation the gas mass flow is uneddy a
coriolis type mass flow meter. The gas streampsusged with a portion of the gas throttled inllo¢ gas bypass
line to maintain compressor suction pressure theineder of the gas is condensed by means of a watded
condenser to control discharge pressure and cedhthke gas stream. Qil is returned to the congresase via an
external pump with supply from the oil separatasirlg this test stand the rotating spool compregsmotypes
were tested at a variety of rotational speeds astdradard operating condition of 905 kPa, 2282 kiRd,11 °C
using R410A and 338 kPa, 950 kPa, and 11 °C usii8#R for suction pressure, discharge pressuresapdrheat
temperature respectively. These conditions reptesgypical air-conditioning condition for the respive working
fluids. Additionally, for some tests, operating didions were varied to achieve a range of pressaties for each
working fluid.
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Figure 2: Schematic diagram of hot-gas bypass compressorstaad used to test rotating spool compressor
prototypes.

3.2 Efficiency Definitions
Test data is collected to calculate the Volumekfticiency and Overall Isentropic Efficiency as an€tion of

pressure ratio and speed. The volumetric efficiemeys determined using Equation (2), where the ttemad
volume flow was obtained based on speed measursrardtthe displacement volume:

Mgt~V

Nvol = aI;t ! (2)
th

The overall isentropic efficiency is a frequentbed measure for the first law efficiency of compoes by using an

overall control volume, i.e., an evaluation by gsihe thermodynamic states at the compressoranigioutlet. The

overall isentropic efficiency is obtained based=guation (3):

fgct - (h2s—h
Niso = w (3)

Wcomp

3.2 Uncertainty Analysis
The uncertainties associated with the measurenuailiscted from the load stand are presented in ghigion.

These measurements include temperature, pressfiigerant mass flow rate, compressor speed, anpiEEssor
torque. The absolute uncertainty associated with ezeasurement is given in

Table 2. Using the absolute uncertainty the propagaf uncertainty associated with the reportditieicy values
is calculated using an uncertainty propagation yaigl(Fox et al., 2004). The volumetric and oveisdintropic
efficiencies have average uncertainty values d¥@a@d 0.5%, respectively.
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Table 2: Uncertainty of Experimental Measurements.

Measurement Sensor Type Uncertainty
Temperature K-type Thermocouple 1°C
Suction Pressure Omega PX 4202-200 3.4 kPa
Discharge Pressure Omega PX 4202-600 10.3 kPa
Refrigerant Mass Flow CMF 025 0.35%
Compressor Speed Honeywell 1604 5rpm
Shaft Torque Honeywell 1604 0.1%

4 PERFORMANCE TRENDS

Figure 3 shows the range of volumetric efficiendained for each compressor prototype tested. logpki the
Figure 3 it can be seen that the spool compressobe sealed in the range of 55% to 9% over a Pr range of
2.5 — 4.5, The latter two prototype compressorsRRQ and RCP 5.3) have displayed volumetric efficies that
are comparable with commercial compressor desigith, 1,,; levels between 67% and 97% at operating Pr
between 2.5 and 4.5. A portion of this successheaattributed to the design iteration utilizing #h&oro number.
However, the main accomplishment over the protofygression was the ability to increase the opeyapeed
range while maintaining mechanical stability, shawrrigure 4. This effort was facilitated by an iraped bearing
design that allowed a high degree of rotor stahilithis improvement allowed for better control b&tinternal
clearances in the machine and resulting consigtaigh volumetric efficiency.
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Figure 3: Volumetric efficiency evolution for each comprespoototype at various operating conditions.

In order to evaluate the effective leakage gapstaedmpact on the compressor performance the cesapr must
function over a fairly wide speed range. Furthbe volumetric efficiency is greatly affected by theeed and
sealing ability of the various leakage gaps. Eaah was reduced over the different prototype desigreder to
achieve the most effective clearance sealing aenaegts.
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Figure 4: Compressor speed range evolution for each comprpssitype at various operating conditions.

The data in Figure 3 and Figure 4 shows the eaiuif the effective operating range with volumegfticiency in
the acceptable range of the compressor for th@wsrilesign prototypes. The end goal of the comprefssign
being the ability to operate effectively from nowmlir?2 pole to 4 pole speeds with good volumetrigcefhcy
enhancing its ability to operate on variable spepglications. While RCP 2.1 displayed limited voktnt
efficiency and operating speed by RCP 5.3 the pyp&odesigns show a level of volumetric performatics is

comparable with commercial compressors over a wpating speed range.

Figure 5 shows the prototype compressors overalitispic efficiency evaluated against the Zsoro lneimat
standard operating conditions.
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Figure 5: Isentropic efficiency vs. Zsoro number at standgydrating conditions (experimental uncertainty waith

marker width).
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The volumetric efficiency of any given design ighienough at standard operating conditions for gaototype

that it is assumed that internal leakage of thedges not have a significant effect on the ovesfiitiency. The

improvements in the overall isentropic efficienayrrelate with the decreasing Zsoro number. Basethenvery

small Zsoro number of the prototype RCP 5.3 it appé¢hat the upper limit of the efficiency improvemh becomes
limited at Zsoro number below .2. It is likely tha@ther torque loses in the geometry outside of whaobnsidered in
the Zsoro calculation become dominate at valuesvbbeR and further reduction in the number will diedver

smaller gains.

5. COMPRESSOR PERFORMANCE COMPARED WITH CURRENT MAR KET

The rotary spool compressor was evaluated agdiasturrent technologies employed in small to medsize air
conditioning applications. Compressors in this markegment are considered to be the most effidemet to
government regulations. Figure 6 shows the comparibe volumetric efficiency of RCP 4.2 and RCP with a
commercially available scroll and rotary compressorarious operating conditions
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Figure 6: Rotary spool compressor prototypes volumetric efficy vs. commercial compressor technologies.

The prototype RCP4.2 was directly comparable torallscompressor even allowing for the presencea discharge
valve and some clearance volume on top of the ttaatecarries over from the discharge to suctionmdiers. The
slope of the volumetric line or the Loss per unitpoessure is 3.4%/Pr, the same as the commerciall s
compressor. The prototype RCP5.3 was designedaw alightly more internal clearance in favor ofie® reduced
torque, therefore the volumetric efficiency is bliy lower. However, this compressor still compafie@grable with
the other current technologies employed in the etarkhe peak volumetric efficiency at 2.5 Pr is B%s than the
scroll compressor while the loss per unit of presssi 3.9%. When compared to the rolling pistoretsige slope of
the pressure loss is comparable while the volumefficiency is 4 points higher.

Figure 7 is a comparison of the overall isentradficiency of the same compressors that were coeapiar Figure 6
for the volumetric efficiency. The two prototypeosph compressors RCP4.2 and RCP5.3 show efficiertbagsare
within 3% of each other with the RCP5.3 being dlighigher. The trend in the slope of the overabrntropic
efficiency curves are 4.5, 4.3 and 3.7%/Pr respelgtifor the RCP5.3, Scroll Compressor and Rotamppressor.
The absolute figures for the efficiency show thePR@ at a Pr of 2.5 to be 7.5 points higher thamtary
compressor and 5 points lower than a scroll consprest should be noted that the spool compressirdata does
not include the motor efficiency but does includeirsternal oil system.
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Figure 7 - Rotary spool overall isentropic efficieny vs. other technologies

6. CONCLUSIONS

The prototype design evolution of the rotating dpommpressor is presented. The test method forrarpatal
testing is also presented with the relevant expemial uncertainty. In order to be able to prediet impact of the
geometric design on the performance of the spoabpressor a dimensionless number, the Zsoro nuniber,
presented. Based on the correlation between the Zsonber and the overall isentropic efficiencycaa see that it
is a reasonable predictor of compressor performaticean also be seen that a Zsoro number < 2 pesiu
reasonable results and can serve as a designtimdioa a compressor that can be further improveatimizing
the other performance related features. Achievidg@o number less than two is limited by two fastahe ability
to manufacture the compressor L/D larger and thigyabf the longer internal tip seal to functiomgperly. These
require additional investigation as presented ifmieet al. (2012) and Kemp et al. (2012a). For nbreia
conditioning operation a Zsoro number greater ttvem is impractical as shown by the lower perforn@aoé the
spool compressor prototypes and should therefoevbigled.

NOMENCLATURE
Zsoro Dimensionless drag loss coefficient R, Radius of the effective seal surface, m
Agqa Area of the sealing surface, m? D, Compressor Displacement, m3
m Mass flow, kg s-1 h Specific Enthaljy, kg-1
Y Specific Volume, m3 kg-1 P Pressure of the gas, kP
T Temperature of the gas, K w Work, W
SSH Intake Superheat, C LSC Liquid sub-cooling, C
Pr Pressure Ratio Nvol Volumetric Efficiency
No,is Overall Isentropic Efficiency
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