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ABSTRACT

A 3D calculated impedance transfer matrix methaosl been developed and demonstrated to provide decamna
efficient prediction of pressure pulsations in figsi displacement compressors. The method is eamsityrporated
into 1D compressor simulation models, where a siimgbedance matrix, normalized to density and spésdund,
can be used to model all compressor running spaatieperating conditions.

The general transfer matrix or “4 pole” method éedimented by Bilal, et al (2010) where the hybpgraach used
here is also introduced. More recent developmehtki® method are presented by Novak and Sauls220his

paper describes how the model has been integnatied ifamily of 1D thermodynamic simulation progsaosed for
design and analysis of reciprocating, scroll angwccompressors. A review of how the model compaoetest
results for a twin screw refrigeration compressoprovided. In addition, we show one example of tipe of

design study that can be carried out using theidilation with the hybrid model.

1. INTRODUCTION

So called one-dimensional thermodynamic simulatiwdels are often used in the design and analysisifive
displacement compressors. It is at once an advarsiag a weakness of these tools that they modelatingressors
using simplified representations of geometry, amigbtogical, fluid- and thermodynamic processes.dels have
generally improved over the years and are ofterpleapented with empirical factors that render theroram
accurate, at least for compressors that are apptelyr similar to those used to provide data foe thodels.
However, the simplifications ultimately limit thebifity of the programs to represent reality; thésa particular
problem when it comes to the issue of pressureapats in the static flowpath components upstreard an
downstream of the primary compression elements e- fiston/cylinder/valve assembly in a reciprocating
compressor, fixed and orbiting involutes in theoand the meshing rotor pair of a screw compresso

The first issue is that the problem is dynamic. @amssion process analyses in virtually all conterapo
thermodynamic simulations are accomplished by sgleippropriate differential equations as initidiueaproblems
with time (or a surrogate such as crank angle alitly a prescribed running speed) as the indepéndeiable. To
do this, rather more detail is provided for the mgetry of the compression mechanism than for otbenponents
modeled, but the geometry representations aretineless, 1D or perhaps “quasi-2D.”

Several pulsation analysis procedure options ang tiey might be used in design and analysis ofvecre
compressors are reviewed by Koai and Soedel (1982, the basic principles of the so-called 4 po&thod are
explained. The methods require determination aaasfer function relating mass flow rate and pressthere are
various ways to compute the required matrix of ficiehts. These range from a lumped parameter motiete the
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flowpath is considered a collection of volumes antkrconnecting restrictions (or “necks”) to use affinite
element model of the actual three-dimensional gégni@ compute the required coefficients.

A method based on 3D models of the static flowgd¢iments was presented by Bilal, et al (2010)h&t teport, the
authors approximated the actual geometry of théisuside flowpath using an assembly of interconeegdubes
and volumes. This approach has the advantage gfisity since the transfer functions required foe tcalculations
had been derived for the pipe and volume elemdhtaias determined early on, however, that the cempl
geometries found in many positive displacement cesgors did not lend themselves to being modeled as
collection of simple, elemental shapes. Considetireg complexity of the geometry and the observation the
various methods provided by Koai and Soedel, thisot too surprising.

As a result of the experience and observations ftwrliterature, we elected to build a simulationgedure using
the 4 pole method with transfer function data cotegdrom finite element analysis of actual flowpgeometries.
This paper is one of two describing continuing depment of the “hybrid approach” to pulsation madgland its
application to positive displacement refrigerat@mmpressors. Section 2 of this paper outlines dgwveént of the
modeling approach, focusing on its inclusion in poassor thermodynamic simulations. Specific appboain a

screw compressor simulation is reviewed in Seciiowhere we offer comparisons to experimental tes@ection
4 illustrates application of the modeling approdoh way of a design study looking at the effect ofesv

compressor discharge porting. Concluding remargo#fered in Section 5.

2. REVIEW OF THE MODELING APPROACH

The 4 pole method is well documented; cf. Singh addel (1979) and Soedel (2006). Development atidation
of a hybrid approach to pulsation modeling is diésct work by Bilal, et al (2010) and Novak and Sa@012). In
the latter, a companion to this paper, examplespesgided for a single cylinder reciprocating coegsor. The
method itself, however, is not limited to a par#gutype of compressor and once it had been degdlgnd
validated for the reciprocating case, it was apiiesimulations for both screw and scroll compoess

Figure 1 shows a schematic of the set of thermadimaimulations we use for positive displacemenmhpressor
design and analysis. There are three separategonggione for each compressor type. The compressars many
component types such as bearings and motors. Hrergeneric models to compute loads, losses, @tdhése
components and these models are available in the §arm to each of the programs. This is the |lewethich the
hybrid pulsation model exists. The module was wemitin a way as to not include any compressor-specif
information or analysis methods. In addition, asveh in the bottom row of the chart, there are fldiiow,
thermodynamic and cycle analyses available to ¢tingponent models or the main programs as required.

Compressor-

Scroll Screw Recip specific geometry
and components

A Y

Rolling
;ce)z:ir:‘al Element Flowpath Motor Corrr;?:snsggzggex
9 Bearing Pulsation Performance P
Analysis A : components
nalysis
Refrigeration Cycle Basic fluid and
Thermodynamic Process Models thermodynamics.
Numerical Solution Tools Numerical processes

Figure 1: Positive displacement compressor thermodynamialsition tools

The pulsation module accepts input from the sinmuaprogram that describes the variation in masw flate with
time at one face of the flowpath for which pulsatis to be computed. Current values of average fuoperties at
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the inlet are also provided along with flags colilg some calculation and output options. The fiath’'s
impedance matrix data, which was computed usingite felement analysis as described in Novak ands32012),
is stored in a file whose name is passed to theagioh module.

Pressures at the flowpath inlet, flowpath exit atduser specified locations within the calculatdomain are
returned to the simulation program. The actual @ssds iterative: the pulsation is driven by theetivariation of
the mass flow entering the domain and the variatidiow rate is affected by the pressure pulsatibthe interface
with the compression element. This is simply iltastd in Figure 2. In this case, only one pulsatiatiat at the
compressor discharge — is shown. However, the mmatebe used for any connection to the compresdements
where the mass flow rate varies with time and whbezconnected flowpath has been modeled to genénat
impedance matrix data. The iterative process staitts the pressure (1) set to a uniform value. BXeg the
calculations for the compressor (2) results in asrflow rate at the discharge port (3) which vaviéh time. This
information is used in the pulsation calculatiof}t6 update the pressure characteristic (1). Thegss is repeated
until convergence, signaled by a minimal presshenge between iterations, is reached.

Compressor Simulation

Mass Flow
Rate Pulsation

® '

Time

Pressure

Time

Impedance Data File

Figure 2: Iterative solution process for analyses with ptits

Experience to date with using the pulsation modioteanalysis screw compressor discharge pressusatmn has
been positive. There have been some issues witreogence although the approach reported by Zhaal, (@001)
has made the analyses more robust.

Because the impedance matrix coefficients can bealed to the density and speed of sound oflthid éntering

the domain, the 1D calculation can be run at amdition, thus allowing us to derive the benefittbé simple

simulation approach of rapid analysis of many ofiegaconditions, speeds and/or design options. @be&s not, of
course, extend to the modeling of the flowpath @lets for which the pulsation is calculated. As bhasn noted, we
found it necessary to model the actual 3D flowpgdlometry and use FE analyses to determine the mmged
matrix. Nonetheless, the hybrid approach offersasonable balance between modeling effort, exetsfieed and
accuracy of results.
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Once the thermodynamic simulation program withghksation model included was verified, we built adal of an
existing screw compressor for which discharge prespulsation data was available. Results of thepawison
between the model and these tests are providdet inext section.

3. TEST AND ANALYSISFOR A REFRIGERATION SCREW COMPRESSOR

In order to validate the model's ability to repnelsactual compressor performance, we ran simulgtioha
compressor for which extensive test data was avail@he compressor was designed for operation neftigerant
R134a and has a displacement of 52%hmat its rated speed. Both the axial and radistithrge ports were
designed for a 3.1 built-in volume ratio. The coegsor was tested at speeds over a range of abutod010% of
nominal. Several dynamic pressure transducers imestalled in the discharge flowpath to measurediseharge
pressure pulsation characteristics.

Figure 3 shows the comparison between tested dodlai@d pressure pulsation in the discharge pleoéithe
compressor for three operating speeds as indicAtedpressure and time scales are the same foroé#uh speeds.
All comparisons presented here are for operatiéh®i pressure ratio.

107% Speed

Pressure

41% Speed

+ Test

Calculation

Time
Figure 3: Screw compressor discharge pressure pulsatiomparison of calculated and measured results
The agreement between test and calculations isal#fiough not as good as was seen in the cabe oétiprocating

compressor reported by Novak and Sauls (2012)adtition to the first order effect that the modehi relatively
simple numerical representation of a complex dymapnocess, there are factors at play specific it ghrticular
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comparison. Most notably, the test data was acduitging a speed sweep. Since the compressor waschally
set to the standards of “steady state” operaticad ushen performance data is acquired, there isgaedeof
uncertainty as to details of the actual operatimggdion.

Sonic velocity can have a significant effect on tadculated results, especially if the compressariglamental
operational frequency or its harmonics are neasarrance of the flowpath. This effect could beisthéasily with
the hybrid model coupled with the thermodynamicigation. One of the features of the hybrid approadhat the
impedance matrix is essentially normalized to theesl of sound and density. This allows for the imdtr be
corrected to the actual operating conditions ofahelysis. Hence, it is a simple matter to rundhalyses over a
range of operating conditions to vary the tempeeatntering the discharge plenum. This was doneh®r75%
speed case by calculating the pulsation over aerafigompressor inlet temperatures while maintgjrie same
inlet and discharge pressures.

The analysis that generated the results shownguar&i3 was run at a compressor inlet temperat@¥8above the
saturation temperature of the refrigerant. A sesfesins were subsequently made for different lewélsuperheat,
varying from 11.1°C down to 0°C. Computed pulsatabraracteristics were noticeably affected; the das®°C
superheat applied to the analysis at 75% speeatioiwn in Figure 4 where the time scale is magnifiteeshow only
a single cycle at the rotor lobe passing frequency.

Pressure

Time

Figure 4: Example of the effect of temperature on compigldation characteristics

The heavier weight solid line shows measured ddta.dashed line is the original computed pulsasigrshown in
Figure 3. The lighter weight solid line are reswdtsthe reduced operating temperature. The sorxitge at the
point entering the discharge flowpath in this dasb42.7 m/sec compared to 147.3 m/sec of for thggnal case.

Repeating the temperature sensitivity study atlh# showed similar sensitivity in that there weoene marked
differences due to the temperature of the analysithat case, the original analysis as shown guifé 3 provided
the best agreement with data. At 41% speed, howdlvertemperature level had almost no effect abalithe
calculated results.

Our broad conclusion based on this comparisoraisttte model is capable of fairly representingitgals a result,
we feel it should be useful in design optimizatgindies and for quantifying pulsation and resglfperformance
effects as affected by variations in operating éimts such as pressure ratio and running speedexample of
such a design study is given in Section 4.

4. SCREW COMPRESSOR DESIGN STUDY

One benefit of the transfer function approach & ih can be embedded in the thermodynamic sinmathich
models the compressor with an extensive set oftivelg simple component and fluid flow models. Such
simulations have been used by many commercial eadegnic organizations to successfully identify goodlity
designs. They are fast and allow designs to bene@fivith relatively few inputs. The method we hatesen for
pulsation calculations allows for these benefitdhvone exception — the exploration of the effettflowpath
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geometry itself. The hybrid method requires a dedamodel of the three-dimensional geometry anddimg this
cannot be incorporated into the process.

Nonetheless, there are many studies that can Heccaut where the flowpath geometry is not a desiriable. In

this section, we present the results of a screwpcessor study where the sizes of the two dischgogs, the radial
port in the main housing and the axial port in tiecharge housing, are varied independently. The gipe is

indicated by the volume ratio associated with ttaetf porting for the port in question. The onigi design has
both the axial and radial ports sized for settirgylabuilt-in volume ratio.

In this study, the two ports were varied over egeanof volume ratios from 2.9 to 3.6 in incremert® 4, resulting
in 64 combinations of axial and radial port sizéghE of these had the ports at the same size, raithal/axial
volume ratios of 2.9/2.9, 3.0/3.0, etc. For tha ofghe cases, the ports were each associateddifiéient volume
ratios: 2.9/3.6, 2.9/3.5,..., 3.0/3.6,..., etc. All ihfe calculations were carried out at 107% runnipges at a
pressure ratio of 3.9:1 with 8.3°C superheat attmpressor inlet.

Each case was run first without pulsation thenragéth the pulsation model active. Finally, afte@amination of
the results from these two analyses, we input aifipg@ressure pulsation characteristic to dematstwhat could
be achieved IF the characteristic could be achievitddproper selection of design parameters. Resuke shown in
Figure 5 and discussed in the remainder of this@ec
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Design Sequence
Figure 5: Calculated effects of compressor volume ratiooost on overall performance

There is a lot of information in Figure 5. Firsgta that all of the efficiencies are normalizedtte highest value
calculated for the case where the pulsation moael used in the analysis. There are eight sets roEsueach
representing a fixed radial port geometry, ideatifby the volume ratio associated with that paiicport — the
volume ratios are labeled under the curves. Eackeds a line through eight points, each of theggresenting a
different axial port. The far left side of eachwaiis for an axial port volume ratio of 3.6; thght hand end is for
the 2.9 volume ratio case. The data are plottethagease number — a sequence running from 1 to 64.

The heavier weight solid lines are results for catapions including pulsation; the dashed lines farecases
without pulsation included in the analysis. Theteldtline through the dark symbols is the locusaiffs where the
radial and axial ports are at the same volume .ré&iiwally, the lighter weight lines at higher eféincy show the
results for the imposed “improved” pulsation whistihe same for each case.

Comparing the cases run with and without the pigdsatnodel activated reveals some interesting cheriatics.
First, while the efficiency levels are very slightligher, there is very little effect of pulsation the characteristics

International Compressor Engineering Conferend¢tuatue, July 16-19, 2012



1121, Page 7

themselves, except maybe for the case of 2.9 rpdialvolume ratio. The highest efficiency is witte 3.1/3.1 port
combination in both cases and the overall effe€tgolume ratio variation are essentially the saifigs was a bit
surprising considering the fact the pulsation Ilsvehried considerably with configuration. Figuresifows the
overall magnitude of the pulsation defined as maximpressure — minimum pressure evaluated in the domain;
the results are normalized to the highest pulsdéwel which occurs with the 2.9/2.9 configuration.

o9
('] /
©
=3
x
c
oo 08 -
]
=
S
- o7
©
2
>
o
0.6 1
05 T
) 8 16 24 32 40 48 56 64

Configuration Sequence
Figure 6: Magnitude of discharge pressure pulsation, ndem@dlto maximum value computed

Efficiency seems relatively independent of pulsatimagnitude as defined. Rather, volume ratio effemte
dominant. The peak efficiency overall occurs witttbports at a volume ratio of 3.1. For other rbddume ratios,
the best efficiency is found with axial ports atitierent volume ratio. In fact, each curve repregsey a fixed radial
port volume ratio reaches its peak efficiency atsial port volume ratio of 3.1.

Figure 5 shows use that including pulsation resinlta small efficiency increase. This is becauseittteraction
between the time varying discharge pressure argspre in the rotor interlobe space exhaustingtimodischarge
flowpath results in a small reduction in overpresdosses. Details of this effect are highlightedrigure 7.

Rotor Interlobe Rotor Interlobe

Space Pressure

Space Pressure

Pressure

\. Discharge

Pressure

Discharge
Pressure

Volume

Figure 7: Screw rotor discharge process shown in a presaluene chart (indicator diagram)
The figure shows pressures plotted against thenwelaf the screw rotor pair interlobe space, theilfanpressure-

volume (PV) or “indicator” diagram. The area undlee rotor pocket pressure curves represent worle donthe
fluid, so differences in multiple curves shown metchart can be quantified in terms of differencepower
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required to drive the compressor. The chart orldfieside of the figure compares the cases foratahd axial port
volume ratios of 3.1/3.1, the highest efficiencge&alhe dashed lines are for the case with no foutsaolid lines
are results from calculation with pulsation. Thiedtences due to pulsation are highlighted by theded areas. The
lighter areas are where there is less power agedordth the case with pulsation, the darker aszasvhere there is
more power used than in the no pulsation casen€hdifference in area is a small benefit in fawbthe case with
pulsation; the amount of the difference is exaptlyportional to the difference in efficiency.

On the right side of the curve, we show an “optedizpulsation. In fact, this is simply an arbitranput created to
force a more favorable discharge process and totifyiamore or less, the potential for pressuresptibn control to
provide a performance benefit. The results of inmppshis particular pressure pulsation are illugain Figure 5
(the lighter weight solid lines at higher efficignievels) where there is a calculated performangerovement of
just over 1%.

This last exercise simply illustrates the potentl tailoring pulsation to provide a benefit. Whet such other
benefit can be achieved in practice requires agdestudy that includes evaluation of alternativectarge flowpath
geometries and variation in other compressor ddsigtures.

5. SUMMARY AND CONCLUSIONS

The hybrid approach as we have developed and dpiplfer pulsation calculations for our positivesgiacement
refrigerant compressors has proven to compare daiterably with experimental results from a reciating

compressor. The agreement with test data fromewscompressor was not quite as good, perhaps b oéghe

four pole method’s limitations in simulating effecat higher frequencies and to the uncertaintyhan actual
discharge temperature coupled with the computedtsésensitivity to this factor. All-in-all thoughwe consider
the approach to be well suited for compressor desigl application studies.

The method has been implemented in a stand-alon€LMB model and as a module that can be connecteshyo
of our three positive displacement compressor tbdgmamic simulation programs. Thus, we can takeathge of
the method’s accuracy in an environment that alléevsrapid calculation of the effects of operatiagd design
parameters when the flowpath for which pulsatiomscmmputed is defined. Changing the design ofetlfiesvpath
elements does, however, require a more time comgupriocess of modeling and execution of the fisiement
analysis.

The simple design study carried out for an R134avecompressor produced the somewhat surprisingt et
discharge plenum pulsation (for the compressor emgded) seemed to have little effect on overahti®pic
efficiency. This is in spite of the fact that thexél of pulsation in the different configuratiovexried by a factor of
nearly 2:1. Built-in volume ratio effects were th@imary factor in determining the efficiency vaitat
characteristics which generally follow the pattexplained by the simplest of first-principles arsédyas presented
by Sauls (1982).

Further work with the models for efficiency imprawent is planned. In addition, there is the questbrow

variation in pulsation might affect overall compesnoise levels. This was beyond the scope optasent work,
but the procedures developed can likely provideesgemeral insights. We will be looking into thigaras well.
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