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ABSTRACT

An analysis of the indicated and frictional lossegresented for a light-commercial prototype $pompressor.
The spool compressor prototype was instrumentel foifir high-speed pressure sensors, three in thgpm@Ession
process and one in the discharge valve plenum.eThessors were triggered with a high-fidelity rgtancoder
attached to the compressor motor shaft. This cogpf rotational position and pressure measurenaluwed the
development of an indicator (pressure v. volumaydim for the compression process. Additionallg atided sensor
in the discharge valve plenum allowed for a de-tiogf discharge valve losses and flow lossesiwithe discharge
plenum itself. The analysis shows that the sudiath compression losses for this prototype compressaelatively
small compared with the discharge/valve losses. tbked losses during the discharge process arerageby
pressure drop and backflow through the dischargevzorts as well as when gas flows from the disghgplenum
to out of the compressor body. The compressor asted at three shaft speeds (900, 1300, 1620 tgandensing
and evaporating temperatures ranging from 100 *EZB87.8 — 48.9 °C) and 25 -60 °F (-3.8 — 15.6, ¥€}pectively
at a fixed suction superheat of 30 °R (16.7 Kyvds found that the total losses during the disahargcess were the
dominant indicated losses in the compressor andifeharge plenum losses accounted for betweem@56% of
the total losses during the discharge process.r&salts suggest a 4-5% improvement in isentrogicieficy is
possible by modifying the discharge plenum as aglimproving the valve system.

1. INTRODUCTION

The rotating spool compressor is a novel rotargnme@ssor mechanism most similar to the sliding vane
compressor. Primary differences are described bypkat al. (2008) who first introduced the compressor appited
air-conditioning and refrigeration. Since its irtumtion the spool compressor has undergone a egelopment
effort including several prototype generationsdpresent air-conditioning applications from restégsplit-systems
to commercial chiller products. Each prototype fpolah has presented additional insight into the uaigttributes of
this compressor and the best application of thécdeWThis was accomplished by leveraging each prpoplatform
to further explore the spool compressor attribbiestudying specific phenomenon/sub-systems dutévglopment.
The results of these studies are integrated ihaddllowing prototype platform generation and @oua¢ to build the
pool of knowledge for the spool compressor.
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Oroszet al. (2012) presented the results of tHedeneration prototype spool compressor, a R410Acdenf
roughly 3 tons of displacement, and compared itfopmance attributes such as efficiency trends wiplerating
conditions against legacy compressor technologibe.study showed that the spool compressor habtuats that
suggested it could potentially be an attractiveamptor part-load operation as a result of the latkternal volume
ratio. However, this generation spool compressa wveable to present a competitive efficiency amthér study was
required to understand the mechanisms for this.

Bradshaw and Groll (2013) then developed a congmgilie model of the spool compressor that providfict-
principles framework to begin to evaluate the spoohpressor attributes in greater detail. As alre$early attempts
of model validation it became clear that the dyrassialing elements intrinsic to the spool compneas® of critical
importance for model accuracy. Bradshaw (2013) fhrexsented a sub-model for the comprehensive spodel
specific to the tip sealing element and similar-sutrlels were developed for the spool seal (Bradstalv, 2016).
To better calibrate the model framework, it wasassary to generate an even deeper understandihg ioidividual
processes occurring within the mechanism.

Bradshavet al. (2016) presents a loss analysis based on dynagssyme measurements within tifeggneration
spool compressor prototype. The dynamic pressuesuanements (when aligned with shaft angle) proaitdanalysis
mechanism which enables evaluation of the indicétiesv) losses of a mechanism. By separating losgethe
individual processes it is possible to deduce am#orow the potential loss mechanisms within theagressor. The
loss analysis suggested that there were two kegdhat required effort to increase the efficienicthe 3" generation
spool compressor, the spool seals and the discheages. The analysis pointed to spool seals wkiehe not
adequately balanced and resulted in excessive deakiadicated loss) and/or excessive friction delpen on
operating condition. Additionally, the dischargdves were identified in this study as one of thgédst indicated
losses. As a result, further development and opétiin the valve system was performed with somtéhefmost
recent modeling presented in Woeidil. (2016).

In combination with the comprehensive model thialgsis provides an important calibration mechanigmch
was used in the development of tieggneration compressor. Orogzal. (2014) presented the results from tie 6
generation compressor, a R410A, roughly 5 tondsgflacement, device. This generation prototypeduadpetitive
efficiencies with current market products with theme unique attributes presented previously. Tésslt is
suggestive of the fruitful gains possible with gorious study of the various sub-processes andysibrss within a
compressor, particularly a new technology.

The 7" and latest generation of prototype spool compreseesented initial performance data in Oresal.
(2016) and shown in Figure 1. This R134a, 40 tepldcement, prototype was also designed usinddneraentioned
modeling tool. It was therefore expected to haveasueed efficiencies that were closer to optimurm ttiee §'
generation despite this being the first R134a pypts which was confirmed in Orostzal. (2016). Despite the initial
efficiency measurements it was clear that there stiliype opportunity for improvement. To explohést, an indicated
loss analysis will be performed on th& @eneration spool compressor prototype. This stwily present the
experimental methodology, data analysis technicares jndicated loss analysis results and suggestgers to the'7
generation prototype to maximize its efficiency.

2. EXPERIMENTAL METHODOLOGY

The following section will describe the installatiand setup of the experiment to collect an indiddbss analysis
on the 1" generation spool compressor. This includes themeselection, placement, and calibration as veefira
uncertainty analysis and the final test matrix péi@ting conditions which data was collected.
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Discharge

Figure 1: 7 generation, R134a, spool compressor prototype high-speed pressure sensors installed showingay&P) and
compression chamber (PP) sensor (left) and disel@&®@) and discharge cover (DC) sensor (right).

2.1 Sensor selection, location, calibration and poedure

A prototype spool compressor is fitted with threwlBvco 8530B-500 high-speed pressure sensorsadidos
which will allow a majority of the process presste be measured at all rotor angles, called SPamRPDP,
respectively. Additionally, and additional sensoplaced in the discharge plenum downstream ofid@harge
valve assemblies but upstream of the system pluyntmnnection, called DC. Figure 1 shows the phy$ications
of these sensors relative to the suction and digehaf the compressor. The left-hand figure higitéghe sensors
reading primarily the suction, SP, (top) and corsgi@n, PP, (bottom) processes while the right-tigole shows
the sensor reading the discharge process, DP,dsopkll as the sensor reading the discharge cb@&r(bottom).
The angular locations of the three sensors in tbegss are shown in Figure 2 which is a schemétiteo
compressor cylinder with vertical and the compre3sp-Dead-Center (TDC) identified. The only regiamhich
cannot be measured are near the TDC area of thpression process on both the suction and disclsidgeof the
compressor. Since the volume in this region is biigl assumed that any losses or phenomenonghatable to be
measured is also small.

The sensitivity of the piezoresistive transducsrstisceptible to biasing and sensitivity shifta assult of electrical
installation (.e. cable length and conductor quality) and mecharisthllation. To mitigate this influence each of
the four sensors was installed with 15 in-Ibf afjiee to mitigate sensor-to-sensor shifts due tchaueical
installation. Each sensor was also calibrated acglusing dry nitrogen and a pressure referenceureghusing a
Druck calibration device with an accuracy of 0.1%. The calibration was additionally repeatethatend of the
first tests to ensure no significant changes tactiibration occurred.
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Figure 2: Angular location of in-pocket sensorstigk to vertical and the compressor top-dead-c€mt2C).

To measure shaft position, a rotary encoder waalied on the compressor motor shaft. The encadamiodel 702
quadrature encoder with index from the Encoder ypetslcompany with 4096 steps per revolution. Treodar
index was aligned with the compressor vertical ased to trigger data collection in the process ilesd in the
next section.

2.2. Experimental procedure and final test matrix

The compressor is first operated until it reactieady state conditions at a prescribed operatingition using the
hot-gas bypass load stand environment describ@udazet al. (2016). The sensors are sampled at 70,000 samples
per second for all conditions measured, triggegdgithe encoder index and sampled for 1 comptattion of the
shaft. This process was repeated 10 times per tipgndition and these samples were collectedardgingle

sample which reflects the behavior at the currention.

The prototype compressor was operated using refgé134a at three shaft speeds and saturateuhdigc
temperatures (SDT) and various saturated suctiopeeatures (SST) at a fixed compressor inlet s@gaerbf 30 °R
for a total of 39 data points. The final test matllected for this study is presented in Tabl&He limited SST
range for certain speeds and SDT are constraing¢eblymits of the test environment. The highereshdower SDT
and higher SST conditions represent higher massrfides which were not possible to achieve withtése
environment.

3. DATA REDUCTION AND ANALYSIS

This section will present the procedures useddage the collected data, estimate the uncertasggaated with
the data and calculate the various indicated lositein the compressor.
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Table 1: Final test matrix of 39 operating conditdpresented with various saturated suction aszhedige temperatures, SST
and SDT, respectively) with a fixed 30 °R superteeat shaft speeds high-speed measurements.

Speed SST Test # SDT Test# SDT| Test # SDT|
rpm °F - °F - °F - °F
25 1 100 9 110 17 120
30 2 100 10 110 18 120
35 3 100 11 110 19 120
900 40 4 100 12 110 20 120
45 5 100 13 110 21 120
50 6 100 14 110 22 120
55 7 100 15 110 23 120
60 8 100 16 110 24 120
1300 25 25 110
25 26 100 28 110 33 120
30 27 100 29 110 34 120
35 100 30 110 35 120
1620 40 100 31 110 36 120
45 100 32 110 37 120
50 38 120
55 39 120

3.1 Data reduction and uncertainty analysis

The uncertainty of the loss measurements is reptegas a 95% confidence interval calculated usitwgo-tailed
student's t-distribution. The values are calculétesked an average of 10 samples per operatingtmmdiollected
as previously described, with a confidence intecatulated for the pressure at each crank angleré3 shows

an example pressure vs. crank angle data for tesber 12 which is an average of 10 data pointstthstthe 95%
confidence interval calculated at each instanobtation. The figure shows that the uncertaintyesbased on
angular location but averages roughly 1 psia wittiers as high as 18 psia. Each condition wasuatatl in a
similar way with displayed similar confidence intals. The global error associated with the pressweasurements
is assumed to be the mean of confidence intervahtentire rotation. This global error estimaes$ed to estimate
a propagated error associated with the lossesmisskdor Test #12 it is calculated to be 1.7 psia.
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Figure 3: Example of final pressure curve with 9&8afidence interval reported (gray shaded) foraerage pressure recorded
for Test #12.
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3.2. Analysis of discharge losses

The discharge loss is a result of flow losses astatwith the discharge port, valves, and flowrfrthe discharge
plenum to the system. Pressure drop associatediveitie three areas result in a chamber pressuris thigher than
the discharge manifold (system) pressure to oveedbrese losses. This loss is illustrated in thesliele of Figure 4
and can be calculated using Equation 1 where tamblr pressure is equal to either the compresBiBhdr
discharge chamber (DP) during the discharge pradessnding on the vane location and operating tiondiA

majority of the test cases the entire dischargegqe®is captured by the discharge sensor (DPgftrerthe total
discharge loss is calculated as,

Vdis,sart
Ldischarge_ _J.V pDPdV _\( pdis (Vdis,start _Vmin )) (1)
[ —) M
Waw dis Vol

where the boundary work is integrated between timnmum compression volume and the volume corresipgnd
with the cylinder pressure exceeding the dischprgesure measured in the systepy(). If a portion of the

process is only captured by the compression chasdresor (PP) the integration is piecewise compusaty this
sensor for the relevant volumes and this is addelde value from Equation 1.

200 - T T 200 T - T T
Suc. Sen. (SP) ; . Suc. Sen. (SP)
Comp. Sen. (PP FIEAY . A Comp. Sen. (PP’
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Figure 4: Indicator diagram of Test # 12 highligigtithe areas representing the total dischargglef§sand the discharge
plenum loss (right)

To separately capture the losses associated vatlogises associated with the fluid leaving theldisge plenumn
(cover), the analysis of the discharge losses Isanlee calculated using the same technique bugysiEssure data
collected from the discharge plenum (cover) transdas shown in the right-side of Figure 4. Thikesahe
assumption that the boundary work required to flusth from the discharge plenum (cover) to the Hege pipe of
the system requires the same change in volumesatigbharge process itself. With this assumptiais, possible to
directly extract the discharge losses associatddtive valves by subtracting the total losses fthenlosses
calculated using the pressure in the dischargeupigiacover),

Vs start
Ldis,cover - _J‘V ) pDCdV - ( pdis (Vdis,start _Vmin)) . (2)
%f—J
WBW,dis,cover Wdea

Finally, taking the difference between the covesks and the total discharge losses the remamdssiumed to be
dominated by the discharge valves/ports. Therefoeeyalve losses are defined as,
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Lvalves = Ldischarge_ L dis,cove (3)

3.3 Analysis of compression losses

The compression process losses are associategnegtiure during the closed compression processaculated
relative to an isentropic compression process.s&ntropic compressoion process is modeled usimdy&rqpic
compression process where the polytropic expomsesgsumed to be the ratio of specific heats ofdfrgerant
calculated at the various suction conditions ofdbmpressor.

Depending on operating condition, the dischargeqane (DP) sensor may capture a portion of the cessjpn
process that the compression process sensor (BBndbt Therefore, a piecewise integration is glpimecessary
and the general loss definition is,

Virans. Vs, start
Loomp = \_J’Vmax (Pep = Praea )V [+ _.[v (Por = Paea )dV (4)

trans

Under PP Curve Under DP Curve

where P, is the isentropic compression proceés, . is the volume where the compression stops andhaige

process begins, and, . is the maximum volume of a single compression pbck

3.4 Analysis of suction losses

Suction losses are associated with flow lossesmitte suction port as well as leakage that ocduring the
suction process. These values are calculated aséimgilar procedure as the discharge process fuires the
addition of the losses captured from two senshessuction (SP) and compression (PP) sensors \ahéchoth
required to capture the entirety of the suctiorcpss. The loss is therefore given as,

Vtrans. Vmax
Lsuction - _IV ‘ pSPdV + ( psuc (Vtrans _Vmin )) + _IW pPPdV + ( psuc (Vmax _Vtrans)) (5)
Wi Wideal
Wew suc 1 el 4 ‘ Waw suc,2 et 2
Under SP pressure curve Under PP pressure curve
4. RESULTS

Limited results are presented in the following getincluding a detailed breakdown of losses fer ¢cbndition
reflected by Test #12 and an analysis of the chairgdischarge and cover losses with operatingitiondThe
losses in this section are presented as perceotagktive total work measured from the compressor

4.1 Losses at 40 °F SST, 110 °F SDT, and 900 rpneét #12)

Figure 5 shows a final indicator diagram of ope@gitondition Test #12. Additionally, the bulk swuetj discharge
and calculated isentropic work pressure is alsalaikon top of the data as a basis of compari$be.indicator
diagram is also presented in this figure with theslareas calculated for each of the three masndiesas shaded to
reflect the areas used in the analysis presenttéeiprevious section. The results of the analgsiFest #12 are
collected in Table 2 and broken down by percentagg associated with each loss mechanism as anpageeof
total compressor work.
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Table 2: Collection of losses for Test #12 presgtiagea percent of total work.

Test #12 Results

Discharge | Valves | Cover| Suction| Compressior
% % % % %

11.70 6.20%| 5.50 -3.30 1.48

This table shows that the total discharge losy ibthe largest loss at 11.7% with a large portibthat loss being
associated with the cover losses (5.5%), leaviageémainder of 6.2% of valve losses. Both the cawe valve
losses are significant but not one is as dominatth@discharge losses.

The negative suction loss reflects the suctionquresmeasured above the system pressure. Thissésigigat the
measured suction process required less work theaitéal process. While this may be perceived agaantage the
caveat to this result is that work was requireddmpress the gas to a higher pressure than swetimh then
leaked back to the suction chamber to generatbigjer pressure. Since that chain of events wslliiteén more
work than is saved it is advantageous to minintieeabsolute value of this loss, in general. Thesunesal
phenomenon in Figure 5 appears to be a resulsofadl pressure rise at small volumes when changelime
being small. This could be associated with lealadbe top dead center clearance and/or the tgpssdls.

The compression loss is relatively small despitgesttively not matching the behavior presentedigufe 5. The
actual process presents closer to isothermal tiaiséntropic processé. polytropic exponent is less than specific
heat ratio). Therefore, the specific work requiieteduced and this results in a ‘negative’ losdtie portion of the
process that approaches the start of the discipaogess. This overcomes some of the additional wexlired to
overcome the portion of the process just at thénégg of the compression process. It is hypottegbihat the start
of the compression process requires overcomingtgalosses and the negative portion of the comprepsocess
is associated with significant heat transfer fréwa tompression pocket.

200
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T T T T T
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Figure 5: Indicator diagram of Test #12 with systmotion and discharge pressures as well as timagstl isentropic
compression process overlaid (left) and the losasashaded (right).

4.2 Discharge cover and valve losses

The discharge plenum (cover) and valve losses thertargest two components for Test #12 and tlisasewill
expanded on that analysis by presenting thesedagsie various operating conditions. Figure 6 pnésdoth the
discharge plenum (cover) and valve losses for B6thand 1600 rpm compressor shaft speeds.

The plenum (cover) losses for both speeds and tipgieonditions show inconclusive trends. Therestoet appear
to be a significant trend with either SDT or SSTHdKionally, the differences between shaft spedsts seems

24" International Compressor Engineering Conferendeuatue, July 9-12, 2018



1247, Page 9

relatively minor. The analysis does show a penstdtess of between roughly 4-5% of efficiency aegnlg lost a
result of inadequate flow of gas from the dischgrgss to the system.

The valve losses, also in Figure 6, show somefigni trends. At both speeds, there is a sligpbeddency on SST
with more valve losses at the highest SST’s. Howewere significantly is the dependency on SDT witpcesents
in a more significant, and peculiar, way. At 90énrphaft speed the highest losses are at 110 °F f8ldwed by
100 °F and finally 120 °F with a maximum differerafenearly 4%. The 120 °F curve at 1600 rpm suggest
somewhat similar trend with SST but the trendsx $lo not appear as drastic nor trending in theesaranner.

These losses could be associated with either gohaige valves or the valve port/port placemenrg. ibonsistent
loss behavior is suggestive of the trend beingedby a dynamic component with physics that ar@leolto that
of the system such as the response may not alveayguitive, such as is the case here. The dynaasissciated

with the discharge valves are a likely contributothis response and should be further investigeteditigate these
trends.

900 rpm, Plenum (Cover) Losses vs. SST 1600 rpm, Plenum (Cover) Losses vs. SDT
— 6 _6
o) X n
o 5 oy, u B 5 ] o 5
S k! e
g4 u g4
(O] (O]
(&) )
o 3 o 3
a. [a W

20 30 40 50 60 70 20 30 40 50 60 70

SST [°F] M 100F SDT SST [°F]
110F SDT
900 rpm, Valve Losses vs. SST 120F SDT 1600 rpm, Valve Losses vs. SDT
8 8

= = [ ] [
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— —
€ €
(O] 2 (O] 2
(&) ()
@0 @ 0
a. a.

20 30 40 50 60 70 20 30 40 50 60 70
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Figure 6: Indicated discharge cover (top) and védeses (bottom) for various SST and SDT at bothrgén (left) and 1600 rpm
(right).

5. CONCLUSION

This paper presents an indicated loss analysighé?" generation prototype spool compressor. The losses
collected using high-speed pressure measuremettitis\the compressor with a synchronized encodee.ré€bults
suggest that the largest opportunity for improvenieithis prototype is a re-design of the dischaptggmum. This
re-design has the potential to result in 4-5% ingproent in the overall compressor efficiency.

Additionally, the valve improvements presentedrastlaer large potential improvement with losses imgpdrom 2-
8% depending on speed and operating conditionvahe losses presented as somewhat independemttairs
conditions but relatively sensitive to dischargeditions, particularly at slower speeds. The unigss of the
discharge valve design (presented in Weioal.,2016) in combination with these results indicateg more study
of these types of valves is necessary to ensur@sbes are mitigated across the entire operaginger.
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NOMENCLATURE
L indicated loss (Btu, kJ)
p pressure (psia, kPa)
V volume (iR, md)
w specific work (Btu, kJ)
Subscript
BW boundary work
comp compression process
dis, cover discharge cover portion of discharge
dis, start start of discharge process
discharge total discharge process
DC discharge cover
DP discharge pocket
ideal ideal process
PP process/compression pocket
suc, suction suction process
SP suction pocket
trans transition between SP and PP sensors
valves valve portion of discharge
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