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ABSTRACT

Kim, Jonghyuk. Ph. D., Purdue University, May 1988.
Simulation of High Speed Hermetic Compressor with Special
Attention to Gas Pulsations in Three Dimensional Continuous
Cavities. Major Professor : Werner Soedel, School of

fechanical Engineering

This study 18 on the modeling and analysis of hermetic
refrigeration compressors for the prediction of

thermodynamic performance and gas pulsations.

A computer simulation model of a hermetic,
treciprocating compressor has been developed to study basic
performance and gas pulsations of compressors. The
mathematical models are based on the polytropic process
assumption for the cylinder process and a linear acoustic
model for gas pulsations. To supplement the theoretical
model, pressure measurements and valve motion wmeasurements
were conducted as fundamental experiments. Thermodynaamic
and acoustic performances of a prototype compressor were

studied using the computer simulation program.

A general procedure has been developed <to analyze
complex acoustic s8systems composed of multiply connected

three dimensional continuous cavities. The four pole



xvii

parameter concept was wused as a fundamental tool for the
system analysis. An approach to obtain the four pole
parameters of an acoustic system from its pressure responsge
solutions was developed. Pressure pulsations {n the
suction gas path 1including the shell <cavity resonance
effect were analyzed as an application example. For the
response solution of the hermetic shell cavity, the efigen-
function expansion wethod was used to model the <cavity as

an annular cylinder.

Design parameter studies for the thermodynamic
efficiency improvement of the prototype compregsor were
conducted using the developed computer simulation program.
Special concept mufflers for passive noise control in the
suction gas path were studied using advanced features of

the simulation program.



CHAPTER 1 - INTRODUCTION

l.1 General

The development of a reliable and efficlient design
procedure has become very important in modern compressor
engineering since the advent of high speed compressors.
Numerous &experimental and theoretical investigations have
been done on compressors with this goal in mind. Areas of

concern and interest of the research described in the

following were

l. 1laprovement of thermodynamic efficiency ( gas

pulsation, thermodynamics, fluid wechanics ) ;
2. Reduction of noise level ( acoustics, vibrations ) ;

J. Design of compressor valves and critical parts

(vibrations,dynamics,stressanalysis).

In general, a cycle of operation of a high speed
positive displacement compressor can be viewed as a number
of complicated phenomena which interact with each other in
a gshort time period. Thermodynamic processes 1in the
cylinder, gas pulsations in the gas path, or valve motions

cannot be studied separately without considering mutual



effects. For this reason, computer simulation techniques
have become an essential part of compressor research and

development.

A computer simulation program based on a mathematical

model which includes <cylinder processes, valve dynamics,
valve flow, and gas pulsations provides a valuable tool to

the designer and the researcher. Piston work,
thermodynamic efficiency and loss, volumetric efficiency
and mass flow rate are basic information for performance
research. Gas pulsations and muffler performance studies
can be done as applications of the program to noise
research. Also, excitation forces by the cylinder gas
pressure and expected va{ve motions can be obtained as

basic data for dynamics research.

Some basic experimental measurements are necessary to
provide experimental parameters such as damping
coefficients and polytropic coefficient for a reliable
sipulation. Also, experimental results are needed to
verify the accuracy of the simulation model. In this
resesrsn, dynamic pressures in cylinder, suction cavity,
discharge <cavity, and valve motions were weagsured.
Experimental work 1s also important and useful in {té own
right @vecause {t gives valuable information on the
prototype compressor such as measured indicator diagrams

and valve motions.



It has been two decades since the computer simulation
model with a gas pulsation model was developed[3]. 1In this
research the gas pulsation model was extended to include
continuous three dimensional <cavities. A general method
for the analysis of gas pulsations inside the shell <cavity

was developed and included in the simulation model for the

first time.

Also, the gas pulsation mwmodels were wade more
efficient by wutilizing the four pole technijue for all
acoustic elements. This was possible since a new iterative
solution technique was developed that allows treatment of
the thermodynamic and flow process {n the time domain
utilizing frequency domaiq information for the manifolds.
The four pole technique is a very attractive method because
it is <computationally very efficient and it allows great
flexibilicy for modeling of various Jas path
configurations([7]. The developed <computer siwmulation
program i{s able to handle virtually all practical yas

wmanifold systems for both the suction and discharge side.

Gas pulsations in <cthe  hermetic shell cavity were
observed as one of major noilse sources by wany
investigators(4,5,6,7]. Therefore gas pulsations inside
the shell cavity were investigated in conjunction with the
simulation program development. For the formulatien of
four pole parameters, an eigenfunction expansion method was

employed by idealizing the cavity as an annular cylindrical



geometry. However any general cavity can be formulated by
the general procedure developed provided 1its natural
frequencies and natural modes are available. The procedure

was extended to multiply connected three dimensional

cavities.

Although the prototype compressor for this research
was a reciprocating type compressor, certain results can
easily be applied to other types of compressor by way of
minor modifications. Especially the procedure of
formulating four pole parauweters for three dimensional
cavity and wmultiply <connected three dimensional cavities
can be applied to other product designs such as automotive

mufflers and pump driven fluid filled reactor vessels.

1.2 Literature Review

1.2.1 Compressor Simulation

In the early stage of the <coampressor research, the
cylinder process and gas pulsations were ({nvestigated
separately(8,19]. The compression process in the <cylinder
was modeled without coupling the cavity and plping
pulsation pressures, and the gas pulsation was analyzed
vice wversa. Wambsgans and Cohen|9) developed one of the
first detailed simulation models, but without <considering
§as pulsation. lt was based on the polytroplic process
assumption with detailed valve motions and mass flow

models, and is srill used as a basic procedure for cthe



simulation of compressors.

In fact, the cylinder process and gas pulsation in the
compressor line should be coumbined together because there
are strong dynamic interactions between them. Brablik{3]
was the first who combined the cylinder process simulation

and gas pulsation analysis in the compressor 1lines. The

simulation program integrates the thermodynawmic process in
the cylinder based on the polytropic process assumption,
valve dynamics equation, and nonsteady gas pulsation

equations simultaneously.

In modeling gas pulsation, the linearized acoustic
theory has been widely and successfully used for small
compressors|1,8,10]. The linear theory is reported to give
valid results for <cases in which the amplitude of the
perturbed pressure s smaller <than 152 of the mean
pressuref{l,l1]. This «condition is satisfied for most

compressor applications.

Host gas pulsation models of the coupressor are based
on one dimensional wave theory|(l,3,10,11,25,26,27]. This
is because typical components {n the cowmpressor gas
wanifold are small compared to the smallest wave length of
general interest|(l), and, the solution procedure becomes
simple to use. Lumped parameter models were introduced and
have been widely used for the modeling of small volumes 1in

the <compressor gas path, such as a discharge volume, not



necessarily of one dimensional shape but relatively
small{l,11,13]. Padilla-Wavas et al. first wused the
Helmholtz resonator model for the analysis of <compressor
gas manifolds{13]. It was a serial combination of two
lumped parameter acoustic elements of small volume and
short neck. It 18 a very useful model because it is sgimple
to formulate and well suited for the geometry of wmany
compresgsor gas manifolds. Mutyala and Soedel[l4] applied
this model to the analysis of a two stroke engine manifold.

Also, there are many other application examples

(1,15,16,24].

Several wmethods can be wused to combine the gas
pulsation equation and the <cylinder equation. The
intuitively simplest way 18 to integrate all related
equations numerically 4in the time domain [17,18,20].
However, other methods may offer greater advantages. For
example, the gas pulsation equations <can be solved
analytically by mode superposition without relying on time
consuming numerical integration. The excitation of the gas
pulsation i{s provided by volume flow rates through valve
ports calculated from ¢the <cylinder ©process simulation.
This approach gives better flexibility in the mathematical
modeling and computer programimng because the gas pulsation
model can be independently formulated. However, we need to
employ the fast Fourier transform and inverse fast Fourler

transform techniques to connect the frequency domain and



the time domain because the cylinder process 18 solved in
the first and the gas pulsation equation is solved 1im the

last.

Elson and Soedel[l10] were the first to employ this
method. They wmodeled the gas path of a discharge systenm
wicth a long pipe using 1impedance approach and finfite
difference technique. They <calculated the flow through
valve port assuming constant discharge line presgsure. The
unsteady line pressure is obtained by solving the pulsation
model in the frequency domain wusing the <calculated mass
flow as excitation functions. Then the whole procedure is
repeated until convergence {8 achieved. In fact this
method was used as one of basic procedures in this research

except that it was somewhat extended and modified.

Singh{ll],M{ller and Hatten[2l], and Abe et al.[22]
used transfer matrices to formulate acoustic equations of
the gas cavity. This procedure is attractive because it is
computationally very efficient , and it allows an acoustic
element to be attached to or removed from the system easily
by seimple wmatrix w@manipulations. 3Singh utilized the four
pole parameters to formulate transfer matrices of a coamplex

acoustic system.

Singh and Soedel{ll] developed an experimental
procedure to measure transfer matrices of general acoustic

cavities which are difficult to model as a Jlumped element



or one dimensional acoustic element. This work was
extended recently for three dimensional acoustic cavitles

by Kung and Singh[23].

For this work, four pole <transfer matrices were
developed and used exclusively for gas pulsation modeling.
Typical elements of compressor gas manifolds, such as
resonators, short pipes, finite length pipes, and long
plpes with anechoic ends, and three dimensional cavities
were formulated 1into four pole matrices. Some special
techniques were developed to handle complex combinations of

these elements such as side branches and wmultiply connected

elements.

1.2.2 Gas Pulgsations in the Annular Shell Cavity

A typical arrangement of the gas pulsation system of
the compressor is shown in Figure l.l. Obviously, the gas
cavity in the cylinder shell {8 also subjected to acoustic
pulsation. Therefore this cavity should be included in a
complete modeling of gas pulsations. Acoustic waves will
be reflected back to the system from this cavity, which
affect the analysis of the system by some amount. In the
pagt, it was assumed that this effect was negligible.
Especially for «ctraditional designs, the effect on the
thermodynamic efficiency prediction was thought to be very
small because the volume of the shell cavity is relatively

much larger than the suction cavity volumes in the intake
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manifold. For the novel design contemplated by the

sponsor, this may not be true any longer.

No matter what design, the effect of gas pulsation in
the shell cavity on noise (generation has always been
recognized as importanc(6,7,29,30]. Johnson and
Hamilton{4,5) were the first who pointed out the importance
of shell cavity resonances. They invesgtigated cavity
resonances using a two-dimensional annular mwmodel and
attempted to interpret the effect on the measured sound
level. This effect was also measured by Roysl7].
Recently, Noguchi, et al.[6) reported experimental results
which show thsat the cavity resonance was the most important
noise effect for their small rotary compressor.

Experimentally, Kung and Singh({23,30] measured the transfer
function of this type of —cavity. Also they calculated

transfer functions of annular-like cavities by the finice

eleuent mecthod.

There is some literature concerning annular cavity
acoustics problems applied to engineering problems not
connected to compressor research. Au-Yang solved the free
and forced vibration problem of an annular cavity container
filled with fluid by the modal expansion method([31,32], but
did not give four poles, Gazig solved an elastic wave
propagation problem in an infinite <cylinder and annular
cylinder(33]. Also, there are some investigations of the

rectangular cavity, its forced response, and {interaction
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with bounding structures [34,35].

1.3 Scope of Investigation

Chapter 2 {8 <concerned with experimental work
conducted during this resgearch. Ingtrumentation and
techniques of dynamic pressure and valve motion

measurements are described in detail. The method to obtain
experimental indicator diagrams and to extract the
necessary 1information for the simulation model such as
polytropic coefficlents from wmeasured data are discussed.

The performance of the prototype is evaluated from measured

data by calculating thermodynamic efficiencies and losses.

Major potential errors which may arise during the
experiment are identified. Specifically, 1influences of
pregsgsure transducer gain errors and top dead center pick up

error on performance evaluation of the compressor are

discussed qualitatively and quantitacively.

In chapter 3, the mathematical model and the solution
procedure of the computer simulation are presented. Basic
mathematical models for the <cylinder process, valve
dynamics, and wass flow through the valve port ar:
described. The modeling of gas pulsations of lumped
parameter elements and one dimensional elements \is
presented in this chapter using the four pole parameter
concept, while the three dimensional acoustic element is

treated in the subsequent chapter.
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Algo there are discussions on the simulation algoritham
that combines the frequency domain analysis ( gas pulsation
analysis ) and the time domain analysis ( cylinder process
). A mwmodified iteration scheme {8 wused to overcome
unstable convergence tendencies. Simulation results are
compared to wmeasured data for several cases in terms of
indicator diagrame, pulsating pressures, and resulting

thermodynamic efficiencies.

Chapter & 18 dedicated to the analysis of gas
pulsations in the annular shell —cavity. A general
procedure for the forwmulation of four pole parameters of
three dimensional cavities was established wusing an
eigenfunction expansion methpd in curvilinear <coordinates.
Then, the compressor shell <cavity is approximated as an
annular cylindrical cavity and its four pole parameters are
calculated as a specific example. Several application
examples ilmportant for couwpressor noise control are

demonstrated.

In chapter 5, the result of chapter 4 is extended to
more complex acoustic systeus. A general procedure is
developed for the analysis of a system composed of two
nultiply connected large cavities. A large annular
cylindrical cavity connected to a small 1lumped parameter
volume {8 taken as an example. The response of the system
which 18 connected to an anechoic pipe 18 obtained by

utilizing the four pole parameter technique. Also, passive
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noise control techniques to reduce pressure pulsations

inside of the annular cavity are discussed.

In chapter 6, design improvements of the compressor
are discussed. At first, various suction return systems
and suction muffler designs are compared with each other in
terms of volume flow <transfer functions and excited
pressure levels. Also, lmportant design parameters which
influence the thermodynamic performance of the compresgsor

are identified and studied.

The achievements of the research are summarized in the

last chapter.
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CHAPTER 2 - EXPERIMENTAL MEASUREMENTS

2.1 Introduction

There are three major objectives for this experiumental
work. The first is to estimate the basic performances of a
prototype compressor, euch as overall thermodynamic
efficiencies and losses. The second is to identify any
existing design problems by examining experimental results.
The last 1is to get wuseful ({nformations for the later
theoretical simulations, such as polytropic coefficients

for the compression and expuhaion process.

Of all measurements, pressure volume diagrams which
are converted from pressure time diagrams are the most
important. Thus, the cylinder pressure and gas pulsation

pressures at suction and discharye cavities were measured

a8 function of time. Because these pressures are high
frequency dynamic pressures, plezo-electric type
transducers had to be used. Valve opening periods and

instants were used as reference data to set absolute
pressure levels. After setting absolute pressure levels,
pressure-time dliagrams were <converted to pressure volume
diagrams wutilizing the <crank position measurement and

kinematic relationship of the compressor.
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Like for all practical experiments, some amount of
measurement error 1is unavoidable. The influence of these

errors on the estimation of overall performanze will Dbe

discussed in the last part of this chapter.

2.2 Pressure Measurements

2.2.1 Instrumentation

Measurement of pressure |is the most important
laboratory experiment. Pregsures are uweasured as function
of time in the cylinder, suction and digscharge <cavicties.
Measured pressure data with the information of crank angles
and valve motions can be converted to P~V diagrame which
enable us to visualize the thermodynamic losses due to gas

pulsations and valve restrictions.

Because the prototype is a high speed type <compressor
(3600 rpm), piezo electric type pregssure transducers had to
be used to measure high frequency responses. But one
difficulty of the piliezo-electric type transducer is that it
can measure only dynamic pressure. Therefore, a8 reference
point 1is needed <¢to get the absolute pressure levels of
measured pressure. Discharge valve or suction valve
opening time <can be such a reference point, at which time
the cylinder pressure 16 the same pressure as efther che

pressure in the suction or discharge plenunm.
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Pressure transducers and valve 1lift proximity probdbes
were 1installed on different cylinder heads. Because the
prototype is a small compact type compressor, two pressure
transducers and two valve motion proximity probes could not
be installed in the same cylinder head, without disruprting

the original system significantly.

Six different operating conditions were gelected for
the experiment. At esach condition, pressures and vslve
wotions were measured sepasrately using different cylinder
heads. The conditions were kept as identical as possible.
Suction and discharge pressure conditions of the experiment

are listed in Table 2.1l

The tesc set-up s illustrated {n Figure 2.1.
Suction, discharge, cylinder pressure and magnetic pick=-up
signals were recorded by a Nicolet Oscilloscope. Suction
and discharge line temperastures and shell cavity
temperatures were wonitored to ensure that the coupressor
has steady state running conditions. All pressure
transducers were wounted directly to the cavities using

adaptors. The details of amounting are shown in Flgure 2.2

and Figure 2.3.

Figure 2.4 shows the <calibration curves for the
pressure transducers. Due to the necessity of frequent
opening of the <compressor for instrumentations, the

compressor shell was wodified to have a flange. The
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Figure 2.2 - Pressure Transducers Installed
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cylinder head on which pressure transducers are 4installed
is shown {in Figure ".3. Because of limited space inside
the compressor, an access window to the cylinder head and
transducers wasg made. All transducers were mounted

directly to the cavities.

The trigger pin for the magnetic pick up was installed
on the top of the rotor and the pick up device was
installed on the stator, as shown in Figure 2.5. However,
the piston has very small displacement corresponding to
rotations near the TDC or BDC, a small error when locating
the TDC position wmay have occurred. The effect of TDC
point measuring error can produce some interesting effects

on the overall efficiency evaluation, as discussed in

Section 2.5.

2.2.2 Measurement Resgults

Experimental results provide much useful information,
even without the computer simulations. At first, the
thermodynamic efficiency of the prototype can be directly
calculated from the measured P-V diagram. Secondly, design
problems can be found by careful examination of measured

P-V diagrams and pressure pulsation traces.

4easured pressure-crank angle diagrams compared with
simulation alagrams for two selected operating conditions
from Table 2.1 are shown in Figure 3.22 and Figure 3.25.

Absolute pressure levels were determined by the procedure
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discussed in Section 2.4. For better {nsight, pressure-
angle diagrauas were drawn instead of pressure-time

diagrams.

In general it can be seen that the discharge gas

pulsation decays to alwmost zero during one operating cycle.
It is introduced when the discharge valve opens. Gas
rushes into the discharge cavity and causes an overpressure
which will oscillate sianusoidally at a frequency
approximately equal to five times the fundamental {requency
of 60 cycles per second. This frequency is unchanged for

the operating range investigated.

The suction pressure pulsations are much less
pronounced, even while they are not negligible from an
acoustics viewpoint. Fourier spectra of these pulsation
pressures are shown {n in Figure 2.6 and Figure 2.7. In
the discharge pressure spectrum of Figure 2.7, the
dominance of the fifth and sixth harmonic stems frowm the
observed wave {n the time trace of Figure 3.22 and Figure
J.26. For the suction cavity pressure, the time trace seems
to indicate a wave of a frequency of approximately 480 Hz.
The Fourier spectrum of Figure 2.0 shows several larger
peaks {in this vicinity. The actual time periods of one
cycle of operation are listed in Table 2.1 for eacn

experimental condition.

Figure 2.6 and Figure 2.9 are suction pressures and
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discharge pressures at various operating conditions. It can
be seen that the general qualitative behavior of the plenum
pressures are not strongly affected by changes of operating
conditions. That is, pulsation frequencies, and amplitude,

and general shape remain very similar. Therefore,

perturbations which may have been caused by modifications

of the prototype design and certain 4inevitable sgmall

measurement errors will probably not contribute
significantly to the interpretation of the overall

pulsation characterigtics of the system.

it 18 also of interest to obtain the Fourier spectrum
of the <cylinder pressure, since the cylinder pressure
caugses structural vibrations in the compressor housing that
can be transmitted through the springs into the shell.
Again, all harmonics are present as expected and as shown

in Pigure 2.10.

2.3 Valve Lift Measurement

Valve lift measurements on a prototype COmWPressor are
very (informative. At first, tne measured valve ovpening
instant and the valve opening duration are wused <to s8et
absolute pressure levels measured by plezo-elecrtric
transducers|18,27). Secondly, possible problems in the
valve design <can be tdentified by examininyg the weasured

wotion of valves.



30

200 .0 r ‘ r
.
A
T
N 150 .0
Q
AN
o
o’
g‘ 100.0 - :
ot
>
o
oJ S0 .00 - -
o
m
o
0 000

.0000 5600 1,0'00 1 .‘.;00 e 000
FREQUENCY (Hz) (X103

Figure 2.10 - Fourier Spectrum of the Cylinder Pressure



31

Unfortunately, valve motions are more difficult to be
measured than pressures{2]}. When they are measured, it is
very difficult ¢to avoid disruptions to the mass flow
system. In ¢this particular experiment, magnetic type
proximity probes were used to measure valve lifts. For the

instrumentation of the probes , some modifications had to

be made.

2.3.1 Instrumentation

Bently~Nevada 190 type proximity probes were gelected
because they were <the wmost compact size available. The
installation for the calibration of the proximity probe (s
shown in Figure 2.11. Figure 2.12 is the 4{llustration of
the dynamic measurement principle of the proximity

probe(36].

The probe operates on the principle that as the
distance between the probe and measuring object changes, a
magnetic field generated by the probe is <changed. Usually
the sensitivity of the proximity probe depends heavily on
its installation condition. Therefore, quasistatic
calibration was done after they were 1installed in the

cylinder head. Figure 2.13 shows calibration curves.

Figure 2.14 is the photo of a cylinder head on which a
proximity probe is installed. It shows the enlarged
suction port through which the suction probe was installed.

The net suction area was kept as close to the original
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Figure 2.14 - Modifications of the Suction S{ide to install
Proximity Probe
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valve port area as possible by &enlarging the valve
boundaries. Obviously, the flow pattern through the
suction port and thus the suction flow rate through the

suction port must have been changed to some extent.

For the access of proximity probes to valve reeds,
some modifications of the original system were unavoidable.
At first, for the access of the proximity probe to the
discharge valve reed, a hole was cut in the gtop plate. It
changes the stiffness of the valve stop plate, which in

turn changes perhaps somewhat the valve stop height.

2.3.2 Meagsurement Results

Measured valve motions are shown in Figure 2.15 and
Figure 2.16 , for the same two operating conditions as for
the pressure measurements. To convert output voltage f{nto
displacement, «calibration curves in Figure ".13 were least
6quare fitted to straight lines. A single straight line
wags sufficient for the discharge valve. Three different

slopes were needed for the suction valve.

Valve opening durations are listed in Table 2.2 for
each operating condition. Judging from the valve
measurement data, it is believed that there ie a small
valve fluttering problem and some back flow phenomena {n
cage of the suction valve. The flutter {n the suction

valve responsc {8 related to the gas pulsation in the

suction manifold. The discharge valve seems to behave
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alright, except that it is too restrictive 4in flow area
Judging from the P-V diagrams. This indicates that more
work will have to be done on the discharge valve and flow
path design wusing a computer simulation program which

includes the gas pulsation effect.

From an acoustics viewpoint, it is also of interest to
examine the Fourier spectrum of the valve motions. They
are shown in Pigure 2.17 and Figure 2.18. They show
clearly that the suction valve flutter comes through as the
9th harmonic at approximately 540 Hz. Because the acoustic
investigation of Roys|7) for the saue prototype compressor
has shown a strong peak in the 500 Hz region, it 1is
possible that ¢the noisc <could perhaps be influenced by
suppreesing the valve fluctter(2]. This does not wmean,
however, that the gas resonance inside the shell could not

still be excited.

The discharge valve spectrum shows no particularly

unuysual features. Note that all wvalve spectra are

norwmalized with respect to the maximum valve displacement.

?.4 Construction of P-V Diajgraas

In the compressor, the area enclosed by a P-V diagrauw
is the work performed by the piston as the gas 1{sg
compregsed. therefore, a P-V diagram furnishes very useful
information for the diagnosis of prototype compressors.

Comparing the P-V diagram of the prototype with an ideal
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P-V diagram allows us to identify the energy loss easily as
it is {llustrated in Figure 2.19. . Further, {f ©pressure
pulsations of both suction and discharge side are drawn as
functions of volume, thermodynamic losses due to valves and

gas pulsations can be separated(2].

To fold pressure time diagrame into pressure volume
diagramse, two additional inforwmations are necessary. The
one is crank position as a function of time, by which time

is converted to a <corresponding volume utilizing the

kinematic relationship in section 3.2.1. The other |is
valve motion measurement data. Because the pressure
measured by plezo-electric pressure transducers is a

dynamic relative pressure, a reference pressure level {s

necessary to set absolute pressure level.

In general, adjustment of the cylinder pressure level
within practical accuracy {8 very difficule. In this
process, various kinds of errors can be created which may
reinforce each other. Nonlinearity, temperature dependence,
and different behavior in the dynamic setate from the
quasi-static calibration state may be conceivable errors of

the pressure transducer.

In wvalve 1ifr w@easurements, mwmodifications of ¢the

prototype are unavoidable in order to install the proximicty

probes. Such modifications will change ¢the fnternal

process of the <compressor by some extent. Therefore,
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measuring valve motions causes deviations from the actual
valve motions. Also, a delayed response of the valve reed

to the pressure changes can exist[2].

Even if the exact motion could be recorded, it is not
easy to identify the exact starting point or end point of

the valve motion because a valve reed is already in dynamic

motion typically even while it {8 on the stop plate or
valve geat, because it flexes into the port and starts
moving a8 the pressure differential decreases. So, it was
not possible to construct the pressure-crank angle diagrams
and pressure volume diagrams relying only on calibrated
pressure transducer gains and valve opening 4instants, but

other considerstions were taken into account.

Valve opening durations and the <cylinder pressure
curve were such additional reference data used to set
absolute pressure levels. After the absolute pressure
levels were determined, the pressure time data was
converted to the pressurc angle data with the aid of the
magnetic pick wup eignal. Finally the pressure angle data
vags converted to the pressure voluwe data using the volume
angle relationship. Resulting P~V diagrawus showed

consistent and reasonable results.

Suction and discharge pressures can be aligned with
their absolute values because theilr average pressures can

be thought of as being the suction and discharge line
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pressures which are indicated by gages measuring the
average presgsure. It is assumed that the drop in average
pressure between the suction and discharge wmanifold
location and the location of the average 1line pressure

measurement is negligible.

To s8et absolute <cylinder pressure levels, more
elaborate arguments are needed. If exact pressure
transducer {nformation and very accurate valve opening
times are available, the <cylinder pressure can be
determined without too much difficulties by arguing that at
the instant of valve opening, the cylinder pressure must be
equal to the pressure in the valve manifold. This {8 true
for either suction or discharge. However, the calibration
of the pressure transducer is not expected to be that
accurate. Figure 2.20 is an exaggerated {llustration of
what can happen {f the P~V diagram {s made only by using
calibrated transducer gains and weasured discharge valve
opening time. Obviously, the suction process will not
properly be described. Judgement 18 <therefore necessary

when fitting the various measurements together.

The method that was used in <this application s to
argue that the point at which cylinder pressure starts its
polytropic expansion can be taken as the discharge valve
closing time. ( See point A {n Figure 2.21. ) The suction
valve opening time was <chosen such that the duration of

valve opening agrees with the measured duration of valve
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opening. The transducer gain was then calculated from the
two points which are supposed to be the suction and
discharge pressures. Using this gain and the reference

pressure, cylinder pressure was determined.

Figure 3.23 and Figure 3.26 are gselected P-V diagrams

which were obtained by the procedure stated previously.
Suction and discharge pressures which make a closed loop

during one <cycle were drawn only for the half cycle for
which the valves are open. The thermodynamic efficiencies

are shown in the result section in Table 2.3.

2.5 Estiwation of Possible Experimental Errors [37)

The errors in the pressure transducer calibration ,in

valve motion detection, and in crank position measureament

are major potential errors in the evaluation of compressor

performance.

2.5.1 Influence of Pressure Measurement Error

Gains of pressure transducers are <calibrated by a
quasi-static process, while the actual process is dynamic.
Also, deviation from linearity (lX max) and temperature
sensitivity (0.03X per degree Fahrenheit) may have to be
considered. This can be partially eliminated by @ore
involved calibration procedures|38]. Table 2.4 sghows ¢the
effect of pressure <ctransducer gains on the estimation of

thermodynamic efficienclies and losses.
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2.5.2 Influence of Crank Angle Measurement Error

Because the linear displacement of the piston
corresponding to the rotation of the crank is very small
around the TDC or BDC, even a small error in detection of
the TDC point when the triggering pin is installed may lead
to significant errors in terms of angle. This will cause
the P~V diagram to be distorted. An example {8 shown {in
Figure 2.22 and Pigure 2.23 , where on purpose crank angle
errors of TDC was introduced. It {8 remarkable that only 2
degrees of deviation makes such a difference in the P~V

diagram shape. For comparison a8 P~V diagram of presumably

zero error is also shown. Pigure 2.22 and Figure 2.23
{llustrates the {nfluence of <crank angle measurement
errors. )

Of even greater {mportance |is the experimental
polytropic <coefficients. Numerical estimations of this
effect on thermodynamic efficiencies and polytropic

coefficient estimations are listed in Table 2.4.

2.5.3 Errors due to the Procedure of Settring Absolute

Presgures

Pressure and valve lifts were wmeasured at different
times wusing different <cylinder heads. Therefore, some
deviations (n operating condition wmust have existed
although all controllable conditione were kept as equal as

possible. Furthermore, flow paths were disrupted to
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install proximity probes, especially on the suction side.
It 1is practically very difficult to decide the exact
instant at which a valve opens, because of small dynamic
responses prior to the actual opening. Ambiguous points
which can be picked as the valve opening time span wmore

than 2 degrees in terms of crank angle.

Also, oil stiction and Bernoulli effects have been
found by some investigators to retard the valve opening
[2,38]. 1t is possible that valve opening time errors are
of the order of one degree which {8 a large error for
fitting fast rising compressor pressures to discharye

plenum pressures, although it was often done in the past.

lIn this experiwment, the cylinder pressure transducer
gain was calculated utilizing valve motion data. This had
to be done for each experiment. The ratios of these gains
to the <calibrated gain are 1listed {n Table 2.2. These
variations can be thought to reflect the overall errors for
the P-V djiagram construction. The ratios are within 3 X
from the calibrated value and less than 2 2 frowm each other

except for one case.

Calibrated gains were used for discharge and suction
pressures because average values of those pressures were
taken to be the suction and discharge line pressures.
Also, errors 1in those gains cause much emaller relative

differences in the overall efficiency, as well as for each
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thermodynamic loss[37]. The effect on the overall
efficiencies and -on each loss is listed in Table 2.4 for

one particular operating condition.

Therefore even with the possibility of errors, Table
2.4 sghows that {if we take the ideal gsituations to be the
one where no valve or pulsation loss exist, —roughly 8 X%
loss are attributable to suction valve flow loss and 1.5 %
to suction pulsation, 6 %X to the discharge valve flow loss
and 1.5 Z <to the discharge pulsation loss. This gives a
thermodynamic efficiency of about 83 2. Note that we have
accepted the heat transfer in and out of the cylinder as
unchangeable. Thus, this thermodynamic efficiency does not
refer to an ldealized isentropic or isothermal cycle, but
the actual cycle with ideal valves. Discharge pressure
transducers affect wmainly the ractio of valve losses to

pulsation losses, but not the overall efficiency.

2.6 Interpretation of Experimental Result

The perforwance of a refrigeration cycle is8 given in
terms of the coefficient of perforwance B, which is defined

for a refrigeration cycle,[39]

q
L
B o (2.1)
c
where,
9, - hl - hS (2.2)
and h h, are enthalpies measured at points | and 5 shown

1* 5
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in Figure 2.24., Therefore, to maximize the performance,

work per one cycle should be minimized.

An actual P-V diagram and an {deal 1isentropic P-V
diagram of a compressor are compared in Figure 2.25.
Because the enclosed area of the P-V diagram indicates
work supplied by the piston, the area difference <can be

thought of as a thermodynamic losses. There are two kinds
of thermodynamic losses; one 1s caused by the difference
between a polytropic constant and the reversible adiabatic
gas congstant k = CP/CV' The other is caused by over-
compression and wunder expansion during valve action. The
former is caused by heat transfer. A pseudopolytropic
change also occurs due ¢to leakage of gas during the
compression and expaneion process. The latter is caused by
valve flow losses and gas pulsations. Therefore, two

efficiencies were defined for our analysis.

The thermodynamic efficiency “1 is

wls
"W - (2.3)

act
where Hls is the ideal isentropic work, equal to <the area
1-27=3"=4"-1, u‘act i8 the area of the actual P-V diagram,

but with discharge and suction process losses subtracted.

It 18 defined by 1-2-3~4~] {n Figure 2.25.

The thermodynamic efficiency n2 is
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wﬂ
n, = —act (2.4)
act
Where W is the actual area of the total P-V

act
diagram, all 1losses <considered. It is defined in Figure

2.25 by 1-2-2"=3-4-4"-1.

The total thermodynamic efficiency n is therefore,

W
ls (2.5)

L
act

Note that the result of Fig. (2.25) seems to 4indicate

that nl > 1.

For the compressor measured, it is felt that this 1isg
either <caused by <cooling of the <cylinder walls by the
suction gas or that the apparent gain in efficiency is due
to leakage around the piston during compression. It is
presumably very difficult to separate these two effects by
experiment. It 1indicates that it is perhaps desirable to
measure the actual mnass delivered‘per unit piston work, but
mass flow measurement s presently also unprecise. It

would be {mpossible to separate out mass losses due to

leakage.

1f we agree that the valve designer has no influence
on cylinder heat transfer and piston leakage, the

thermodynamic efficiency n, is wore important.

2

A computer program to implement the numerical

integration to c¢ompute the efficiency n, vas developed.
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Using that program, 7mn, was calculated for each operating
2

conditions and listed in Table 2.5.

There are two kinds of energy losses; the one s
energy loss by compression or expansion, the latter is
valve systems loss. In this research, the latter part was
studied because it is a more controllable or optimizable

loss. The valve system loss 18 caused by valve and flow

passage resistance and gas pulsations.

Experimental P~V diagrams were integrated numerically
to calculate losses and the thermodynamic efficiency n2 for
each operating condition. They are shown in Table 2.5. As
already mentioned, it appears that approximately 14 % loss

is due to valve flow loss and 3 4 loss is due to gas

pulsation.

2.7 Summary

By studying the experiuwental P-V diagrams, the
following {ntermediate conclusions could be made for the

prototype compressor under study.

l. Energy losses due to valve flow losses seem to be a
major part of the energy loss. Together suction and
discharge valves consume between 12 X and 20 X of the

piston work depending on the operating conditions.

2. Gas pulsations are not serious as far as the energy

efficiency 18 c¢oncerned. However, they should be
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traced in case modifications in flow passage design
or wmuffler design will cause pulsation problems. It

is best to anticipate this by theoretical simulation.

For both discharge and suction together,
pulsation losses are Dbetween 2 X and 6 Z of the
piston work. From an acoustic viewpoint, however, it
should be remembered that the energy contained in the
sound waves 1s very small. Considering this, the gas
pulsation found are very large as far as the noise

control problem goes and should be reduced, 1if

possible.

Valve flutter was observed for the suction valve, but
no severe problem exigts. The suction valve does not
close properly at times. The discharge valve behaves

well dynamically.
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CHAPTER 3 - COMPUTER SIMULATION

3.1 1Introduction

In general, a cycle of operation of a high speed
positive displacement compressor can be degcribed as a
number of complicated phenomena, interacting and taking-
place in a short period of time(2]. The basic mathematical
model in this research consists of five sets of coupled
equations as shown in Figure 3.1. These are the volume
equations of the <cylinder, the thermodynamic equation of
the cylinder process bagsed on the ©polytropic process
assumption, the mass flow equations through the valve, the
valve dynamics equations, and the gas pulsation equations

in the gas path.

In addition to theoretical equations, two sets of
basic prototype measurements were conducted. Pressures {n
¢cylinder, suction and discharge wvalve plenums and valve
morions were used to establish polytropic coefficiente and
valve dauping coefficients. Effective flow and effective
force areas of the valve were <calculated from the
approximate equations obtained by Hamilton and

Scwerzler|[40].
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Several sgimplifications and idealizations were wade
for the simulation model of this research. The main
interests of this research were to determine thermodynamic
efficiencies and gas pulsations behavior. Therefore
relatively simplified valve motions and flow models were

employed. Major characteristics of the simulation model can

be identified as

1. A polytropic process wodel for the thermodynamic

process of the cylinder was used.

2. An one dimension isentropic flow model was used for

the valve flow. Quasi-state flow is assumed.

3. Detailed gas pulsation models were developed using
lumped parameters, continuous one dimensional, and

continuous three dimensional models.

4. The interaction between the cylinder process and the

gas pulsation was calculated by a new iterative

method.

5. The model has the capability <to <calculate the gas

pulsations inside of the shell.

3.2 Mathematical Modeling of the System

In the following, the basic equations are suwmwarized.

They are derived in reference{l8].
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3.2.1 Kinematics of the Compressor

Instantaneous cylinder volume can be <calculated from

the following equation.

nDZR1
V(t) = Vc + 3 { 1 + cos 8(t)
R R -
+ liz 1 - V/l - (E-l-)2 sinze(t) )} (3.1)
1 2
and 8(t) = wt (3.2)

where V(t) = instantaneous cylinder volume, Vc = clearance

volume, w = angular velocity of crank. For the definition

L Rz. see in Figure 3.2.

3.2.2 Thermodynamic Equation of Cylinder

Ideal gas, one dimensional flow, and a polytropic

process are assuwmed. Mass conservation of the cylinder

volume {5 assumed by

m(t) = o - m (3.3)

vs vd
where o(t) = instantaneous mass in cylinder, mvB = wass
flow rate through suction wvalve, B,q = ®ass flow rate

through discharge valve.

The polytroplic process equation is

m{(t) .n
P(t) = Po (;:77?7) (3.4)

where Po, p0 are inictial conditions.
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The instantaneous temperature 1is found fromw

n-1
P(t), n
T(t) = To (“;:—) (3.5)

where n is the polytropic constant

3.2.3 Valve Dynamics and Valve Flow

(1) Mass Flow through Valves
Bagic assumptions are
1) One dimensional isentropic flow

2) Steady flow equations

3) Valve openings can be treated instantaneously as

a siwple orifice of equivalent effective cross~

sectional area

4) Upstream conditions are assumed to be stagnation

conditions

Maes flow through the valve is given by

. Zkgc"_ é iil
@y, ° Av Pu TI:TTE?: Y-y (3.6)

where
Pa 1
Y =5 tf v > —F=% (unchoked) (3.7)

u u
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P
Yoy, 1f v < —SILE (choked) (3.8)
u
_k_
2 k=1
Y. " (:;—1- (3.9)

and where, referring to Figure 3.3, Av » effective flow
area (1n2), Pu = upstream pressure (psi), k = Cp/Cv ratio
of specific heats, R = Gas constant (ft-1bf/R/lbm), vy -
P,./P , T, upstream temperature (OR), g, = gravitational

d u 2
constant (32.2 ft/sec ),

(2) Valve Dynamics Equation

In this case, @guction and discharge valves were
modeled as one-dimensional equivalent mass-spring systenm,
as shown in Figure 3.4.

] x + C x + k x = (P - P.) ° A (3.10)
eq eq eq u d F
where AF = effective area of the valve ( {in ), meq -
2
equivalent mass of <the wvalve ( 1b sec / in ), Ceq -

damping coefficient (will be adjusted to the experimental

l1bf sec
in

valve ( 1bf/in ), where

resulc) ( ), and keq = equivalent stiffness of the

- 2L (see Figure 3.4) (3.11)

k
€q 63:

The equivalent mass can be obtained frou

k
- €9 -
ueq 2 (3.12)
n

€



71

Pg,Pd . Td
Down Stream

|3 ]
VALVE K y="H
;]\ Av Pu
Upstream
pUJ PU ITU
Figure 3.3 - Schematic Diagram of the Mass Flow through the

Compressor Valve



72

Ko=Ke
I
K o= Kol
mode 2 "7" 1 4 T
A bowe /. .

s =TSN
Ak 7,

SUCTION VALVE

W D
L My

~.
2 NN TR}

i

= R

DISCHARGE VALVE

Figure 3.4 -~ Idealized Une Dimensional Model for the Valve
Motions



73

where wn is the measured lst fundamental natural frequency

of the valve.
(3) Auxiliary Equations|[26]

1) Effective flow area. Referring to Figure 3.5,

(KA)°
KA = (3.13)
v (1 + ((KA)O)le/Z
( “:1

where K » contraction coefficient

2) Effective force area. Referring to Figure 3.6,

A
- 2 .p, 1
Ap = (KA D® (=3 + ) (3.14)
Ar o

3.3 Analyveis of Gas Pulsations

The four pole matrix is a very convenient concept for
the analysis of a composite dynamic or acoustic
system(40,41]). .Four pole parameters of typical acoustic
elements which comprise gas manifold of the compressor are
derived in this section. Also, techniques to obtain the
system solution wusing four pole matrices of {ts elements
are discussed. A general wmethod to obrtain four pole
parameters for a three dimensional cavity frow pressure

response solutions will be discussed in chapter 4.

The four pole equation of an acoustic system 1is

defined as
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Q

A B
= (3.15)

Po c D PL

where subscripts o and L stand for quantities at the input
port and the output port as shown in Figure 3.7 , and Q and
P are complex amplitudes of harmonic volume flow and
acoustic pressure. For example, the pressure at the input

point 1is

p(r) = poeJ“‘ (3.16)

A,B,C, and D designate complex four pole parameters

throughout this thesis.

3.3.1 Four Pole Parameters of Acoustic Elements

(1) Four Poles of a Lumped Parameter Cavity

The acoustic pressure-volume relationship of a small

cavity is according to referencell],

o

ov
v
(<]

P = -p C (3.17)

2
o o

where, Co is the speed of sound
po is average density of the gas in cavity

Vo is volume of the cavity ( see Pigure 3.8.)

Therefore,
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C2
Po’o
jon

(@, - Q) (3.18)

Because the cavity 1is ©being approximated as a lumped

parameter acoustic element,

P =P =P (3.19)

By rearranging equation (3.18),

14
L
Q = ] JWVO + QL (3.20)

oo

Rewriting equations 3.19 and 3.20 in wmatrix forz, the four

pole equation is given by

r N\
jwyv
s
Qo pco QL
- (3.21)
P°J 0 1 PL
/

(2) Four Pole of a Short Lumped Parameter P{ipe

I1f a gas 18 contained in a relatively short pipe which
i8 connected to a8 voluwe, the gas vibrates as {f {t {s an
incompressible wmass connected to a springll]. The
equilibrium equation of this mass is, referring to Figure
3.9,

(Po - PL) SO - D = QOSOLOE (3.22)

where D 18 the damping coefficient and SO is crosg section
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Figure 3.9 - Free Body Diagram of the Gas in a Short Pipe
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area of the pipe.

Volume velocities are the same at both ends of the

neck because the gas is assumed to be incompressible,

Q = Q (3.23)

Since SOE - Qo - QL' equation 3.20 becomes

Pp L
D 0 O
Po - (s2 + jw So ) QL + PL (3.24)
o

Therefore, the four pole equation becomes

I b
q, 1 of Y
o [ " ) oL b (3.25)
[e] ____+Ju°°l
2 3
S - o
o]

(3) A Finite Length Pipe

In case of a long pipe relative <to the shorrtest
acoustic wave length of {nterest, the gas i{n the pipe
cannot be <considered incompressible any more. One
dimensional wave equation has to be solved to obtain the

four pole relations.

The four pole equation is given as
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r jws 3
coshyL 3 0
Qo pocoysinhYL QL
- (3.26)
Po pociyainhyL PL
———535*—-- coshyl
o
N A
w
where v = a + jk, and where the wave number k = c The
o
constant "a'" represents the fluid dawmping term which is

discussed in reference(l) in more detail.

3.3.2 Formulation of the Overall Four Pole Matrix

{1) Suction Gas Path

The suction side gas path of the prototype compressor
is shown in Figure 3.10. It is composed of three volumes

including a side branch -renonator(v3.) connected to the

first volune(vl ) and an annular shell cavity. The annular
8

cavity is connected to an anechoically terminacted pipe.

The overall four pole matrix <can be obtained by
cascading four pole matrices of ogerially connected

elements. For example

4 N
Aot Bpoy 1 0
P1 ] - C D - D o L (3.27)
pi pi i . o is
2 S
S is
is

~ P
is the four pole matrix of the lch lumped parameter pipe.

Notice that for pipes which are relatively long, equation
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th
3.26 should be used. The four pole matrix of the {
volume is
jwvis
1 =
[ ] Avi Bvi poco
v - - (3-28)
i Cvi Dvi 0 1
~

The four pole matrix of the annular cavity, which wi{ll be

formulated 4in the next chapter for the continuous case, 1is

in general

a a
[ Va ] " lc D (3.29)
a a

The resulting overall four pole matrix is defined as

[ ] e, T
T - (3.30)
C.r l.).r

(

Thie overall four pole matrix LT] can be obtained by

multiplying five four pole matrices

r‘r BrW .
[v}‘[pl]‘[vz]‘[pz}'[v.] (3.31)

where, | V1 )] stands for a modified four pole wmatrix of the
first cavity to take account of the effect of the side

branch resonator. According to referencell],

. 800
Vl - c D (3.32)
vl vl
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where zsoo is the impedance of the input point of the side
branch. To obtain zsoo' let us consider the four pole
equation of the side branch alone. Because the side branch

is8 cowmposed of & short pipe and a small cavity, the four

pole equation of the side branch is given by,

W) f e )

8 8 Q3L

P3s Ca Ds PBL
Az Bos Ava Byal |9
- . (3.33)
Co3 Ppa Cvs Du3| |FaL
Py
Q3L = 0 because the end of the side branch 1is <closed,
therefore, equation (3.33) tells us that
P
3s 1 1
z . (3.34)
8oo Q35 Bs- Ap3 Bys * Bp3 Dy3

Now the four pole matrix of the suction gas path given by

equation 3.3l can readily be calculated.

(2) Discharge Cas Path

The gas path of the discharge i{s composed of four serially
connected volumes, with <three short pipes as shown ({n
Figure 3.11. Using similar <conventions for the suction

side, the four pole matrix is obtained by

LG LG s
) Uy Ty Py Uy By



86

anechoic
termination

Figure 3.11 - Discharge GCas Manifold of the Prototype
Compressor
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3.3.3 C(Calculation of the Frequency Response Spectrum

The input point impedance is defined as

7 = (3.36)

o

Ol
o jo

Physically, this is the pressure response of the first

cavity of the system due to a wunit input volume flow

through the valve port. Let us take the suction seide as

the example, because the procedure can be applied to the
discharge side in exactly the same way. The overall four

pole equation of the suction side is

- (3.37)

The system is anechoically terminated, therefore, QsL and

P are related by|[1l]

sl
San
WL ® >, PsL (3.38)
Then, from equation 3.37
¢ s ~
- an -
Ui l“r Co, BTJ PoL (3.39)
{ San
Peo ~ {Cr co, ' DT]PBL (3.40)

Therefore, the input point tmpedance {s given by
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an

Pso CT Copo " DT
zo - ) - S (3.41)
80 A an + B
T Cop T
o 0

Obviously the same procedure <can be applied for the

discharge side.

At first, the effect of the continuous annular cavity
i8 not included in the compressor simulation. Because the
annular cavity is much larger than the other cavities, the
pregssure at the annular cavity was at first assumed to be
constant. It is a8 good approximatfion if pulsating pressures
in the suction cavity and thermodynamic efficiency are the
major concerns. In such a case, the overall four pole
matrix of the suction system is obtained by multiplying the
first four element wmatrices except the matrix of the

annular cavity in equation (3.31).

Because the acoustic pressure in the shell cavity |is

agsgsumed to be zero, from equation (3.37),

Qso " AT QsL (3.42)

s0 cT QsL (3.43)

Therefore, the pressure response (or the {nput point

impedance) is,

P CT
zo -.Q_s_g..-r (J.““)
80 T
The pressure response spectrum is obtained by

calculating the pressure responses as a function of
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frequency by equation (3.41) or (3.44). Figure 3.12 1is the
spectrum of the suction manifold which does not have a side
branch resonator and Figure 3,13 {8 the spectrum of the

discharge wmanifold of the prototype compressor.

3.4 Numerical Implementations

As discussed before, the total mathematical model for

the compressor simulation involves the following equations

1. A kinematics equation which defines the <c¢ylinder

volume (equation(3.1)).

2. The thermodynamic equation for the <cylinder process

(equation(3.4)).
3. Two mass flow equastions (equation(3.6)).

4. Two simplified valve dynamics equations

(equation(3.10)).

5. Suction and discharge gas pulsation equation.

These equations are coupled with each other. The pulsating
pressures at the suction and discharge cavities are coupled
with mass flow equations and valve dynamics equations
because thcse pressures are the back pressure which valves

see.
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3.4.1 Structure of the Simulation Program

The overall flow chart of the simulation program 1is
shown in Figure 3.14. As shown 4in Figure 3.15, a P-V

diagram 18 <calculated with constant suction and discharge

line pressures at the beginning. The P~V diagram s
integrated for a given number of cycles for each pulsation
pressure condition until the result is converged. At the

end of each given iteration, the acoustic pressures at the

suction and discharge cavities are <calculated. These

iterations, each of which {8 composed of a few cycles of

P~V integration and one <calculation of a new set of
pulsation pressures, should be continued until <converged

regsults are obtained.
(1) FPrequency Response Calculation (Step | in Figure 3.14)

At the beginning of the simulation, frequency response
spectra of the suction manifold and the discharge manifold

are calculated following the procedure {n section 3.3.

This step 1s conducted only once during the entire

simulation and kept in an array form for later use.

(2) Calculation of Polytropic Expansion and Compression

Procedure (Step 2, 5 in Figure 3.14)

When both the suction valve and the discharge valve
are closed, there is8 no mass flow in or out of the

compregsor cylinder. Therefore, the cylinder process during
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the polytropic expansion and compression can be calculated
from the polytropic equation.

v n

0
pc(t) - P (Vc(‘)) (equation(3.4))

where Po and V° are the 1initial cylinder pressure and

volume.
The polytropic index n has to be estimated or
determined experimentally. The coefficient describes the

average heat transfer between <cylinder gas and <cylinder

wall. In the case of no heat transfer,

° (3.45)

1f all the heat generated during the compression 1is

removed, or all the heast loss during the expansion is

supplied,

n = |1 (3.46)

For typical, small high speed compressors,

1 < n <k (3.47)

In general the coefficient n has different values for the

compression process and for the expansion processi43].

(3) Numerical Integrations for the Suction Process and the

Discharge Process (Step 3, 6 in Figure 3.14)



96

Once one of the valves 18 open, <cylinder process
equation, valve dynamics equations, and valve flow
equations are solved simultaneously. The Runge-Kutta method
is employed to solve the equation set. 1t is a forward
numerical integration schema starting with given initial

values.

The equations which are to be calculated at each time

step are
l. The cylinder volume equation (equation(3.1))
2. The cylinder mass equation (equation(3.3))
3. The cylinder state equation (equation(3.4))
4. The mass flow equation (equation(3.6))
5. The valve dynamics equation (equation(3.10))

with auxiliary equations  (3.13) and (3.14). The valve
dynamic equation is decomposed {into two first order

differential equations. Starcing with

.. .

+ + - - *
meqy ceqy keqy (Pu Pd) Ap (equation
and letting
Yl S 4 (3.48)

Yo, =¥, =Y (3.49)
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Then,
. .o c . k A
e e
eq eq eq
c k Pu ~ P4
- - ¥ - X a4 .
s Y2 n Y * o AF (3.50)

The mass flow 18 also a function of yl which determines the

valve opening. Therefore,

- f M » - e & 3.51
mc l(mc,yl.yz.Pc»Pd P" ) ( )

- f »
y z(mc Y,y

R . eees) = 3.52
| »iP 4P ) Y, ( )

2 anan

yz -f3(mc:yl-y2;Pc’Pd'P' ces)
k A
- - £ Ly + =R (3.53)

By integrating equations(3.48) through (3.53), valve
displacements (yl) ,valve mass flows and cylinder mass (mc)
are obtained at each time step. The instantaneous cylinder
pressure is determined from equation (3.4) with the
calculated cylinder mass. Reference[42)} gives a general
discussions of the Runge-Kutta method and reference([ll] can
be consulted for the application of the method to the

compressor simulaction.

lt is necessary to assume the {initial conditions <to

start the numerical integration. For example, the values
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for the discharge process are taken from the conditions at
point C in Figure 3.15. The polytropic compression process
starts from the point A , at which the <cylinder pressure
and temperature are the average sguction line pressure and
temperature, and the piston is at the bottom dead center.
I1f the <cylinder pressure 1is 1increased ¢to the average
discharge 1line pregssure, the numerical integration
procedure for the discharge process starts wusing the

conditions at point C as initial conditions.

After a certain number of time steps of integration,
the discharge valve <closes because the cylinder pressure
drops under the average discharge line pressure( point D {n
Figure 3.15). Then the numerical integration procedure
stops and the polytropic expansion process calculation
starts until the process reaches point D at which the

cylinder pressure is the discharge pressure.

The integration of the suction process continues to
point A° in Figure 3.15. The whole cycle is repeated for
the gspecified times until a converged indicator diagram 1is

obtatned for the given set of pulsation pressures.

The s8ize of +the ¢time step has to be carefully

determined. A smaller <ctime step produces more accurate

result at the cost of more computing time.
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(4) Fast Fourier Transform

The volume flows through the valve ports are computed
as a function of time, while Fourier components of these
flows are needed for the «calculation of the pulsating
pressures in the frequency domain. Therefore, the volume

flow data 4in the time domain are transformed ¢to the

frequency domain by discrete Fourier transformation.

The discrete Fourier transformation is derived in

refence(10]).

.1 -3(2nkr / N)
Qk N L q, e . (3.54)
Where, k = 0,1,2,...,(N-1). The actual computation is done

by the fast Fouriler transform algoritham.

(5) Calculatfon of the Pulsation Pressures ( Figure 3.16 )

The pulsation pressures in the discharge cavity and in
the suction cavity are periodic functions with the
fundamental period being the ¢time it takes for one
compressor cycle. Like all other perfodic functions, these
pressures can be represented by a PFourier series. For
example, the Fourier series representation of the discharge

pressure s

pd(t) = a + 2 £t (ancos 3%35 + bnsin £%2£) (3.55%5)

° ne]

where
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T 2nnt
fo Py(t) cos —— dt n=20,1,2,... (3.56)

. 1
‘n T

1 T 21 nt
b = 7 Io Pa(t) sin =— dt  n = 0,1,2,... (3.57)

If equation (3.55) is summed to a sufficiently large number

nrec, we obtain

2% nt
nrec J‘?_—
pd(t) - I Pn e (3.58)
n=0
Where, P = 2(a - 3b ) (3.59)
n n n

Therefore, equation (3.55) can be rewritten

nrec
p.(t )= £ p_ed2%nr /N) (3.60)
d 'r n=0 n

r

Z |-

where, r=0,1,2,..,N-1, and tr -

Equation (3.60) ie the inverse discrete Fourier transform
which recovere a function of time from its frequency domain
data. By using equation (3.60), the pulsation pressure
pd(c) can be calculated as a discrete time series {f we
know the frequency amplitudes of the pulsating pressure Pn,

n =0, 1, 2,...,nrec. They can be calculated as

Pn - Zo(wn) Qn (3.61)
where Qn is the amplitude of input volume flow <to the
cavity, which 1is obtained by the Fourier transform of the
volume flow calculated by the numerical integration of the

valve flow process. Also, Zo(un) ie the pressure

response(or input point impedance) which {8 calculated from
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equations (3.41) or (3.43) using the four pole parameters
of section (3.3). Po in equation (3.58) has to be taken as

the average line pressure.

Again, it should be noted that the same procedure can

be applied for the calculation of the suction pressure.

In summary, the pulsating pressure 1is <calculated by

the i{inverse Fourier transform of the pressure amplitudes
which are computed by multiplying the volume flow amplitude
of the {nput flow with the 1input point impedance ( or
pressure response ) of the <cavity. The volume flow
amplitude {8 obtained by the Fourier transform of the
volume flow which i8 <calculated as a function of time

during the numerical integration of the cylinder process.

3.4.2 (Convergence Problem of the Simulation Program3l.

The simulation program is an iteration of integrations
starting from assumed {nitial conditions. Therefore the
convergence of the routine has to be assured. Convergence
can be checked by comparing the results of successive
steps. In other words, the simulation result of each step
has to show a tendency to converge to a stable value after

enough iterations.

It was known from experience that suction cavity
pressure and suction valve motion often had difficulcty to

converge in previous simulations. Therefore, those values
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and the cylinder mass at each step are the best indicators

for the convergence check.

Secondly, the program should give an accurate answver

as well. Accuracy is dependent on the following

parameters.

l. Number of integration time steps per cycle (n) (

Symbols in ©brackets are variable names in the

computer program ).

2. Number of data points to be ¢taken for the fast

Fourier transform (nft).

3. Number of terms to be retained for the Inverse
Discrete Fourier Transform (nrec).
It is obvious that more accurate results are obtained if

larger numbers are used for those parameters. This is at

the cost of longer computing time.

Figure 3.17 shows four suction pressures from the sanme
data eets except different combinations of ¢the above
parameters. The curves are almost Iin complete agreement.
From experience, the following values are recoammended for
compregsors of the type that is being investigacted.

n = 720
nft = 256

nrec = 21
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Parameters which control the convergence are number of
iterations(niter2), number of cycles of P-V diagran
integration per each iteration(niterl), and a parameter to
slow down the converge speed. The latter parameter will be

discussed below.

At each {teration, better simulated values are
calculated by wusing the the results of the previous
simulation step as new initial conditions. The role of

niterl and niter2 is to perform the iteration a sufficient
number of times. However, in the actual applications, the
suction pressure and suction valve nwmotion was not
converging consistently. Because the suction valve
interaction time with the cylinder process is much longer
than for the dischsrge valve, the Fourier spectrum of the
suction volume flow which is calculated from the cylinder
process simulation varies by a large amount at each step
compared to the change in the discharge side. This seeas
to be the reason why the suction side simulation has wmore

difficulty to attain a stably converged resulrct.

Figure 3.18 - (a) shows suction pressures at two
consecutive {terations (4th,S5Sth) when no reduction factor
was used. It shows fairy large variation for the seuction
valve. At this iteration, the discharge pressure has
already converged as shown In Figure 3.18 -~ (b). An
oscillating tendency of the suction valve closing time was

observed during further {terations.
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This phenomenon can be viewed as follows:

1. Integration of the <c¢ylinder process produces a
calculated volume flow data, which is deviating from

the true value.

2. By solving the acoustic equation, a far wore

developed pulsation pressure is obtained than would

normally occur.

3. The calculated pressure provides a very different
initial condition for the next {teration, which
increases the volume flow error, which {ncreases the
error of the acoustic calculation, and so on. This
aituatfon is partially caused by the suction side
pressure drop through the suction valve being very
small ( less than a fifth of the discharge side
pressure drop ) and by the cylinder pressure having a

very small slope at the suction valve closing time.

From the above speculation, the attempted convergence
speed can be thought to be too fast. This problem has not
been reported before. It does not occur for the case when
full 1integration wmethods are employed. For the case of
the impedance approach, which requires the cowbination of
the 1integration and the acoustic response solution, most
work was done for the discharge side{8,21), and no problems

were encountered.
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Similar iteration trouble was found in the simulation
of the large deflection problem of a thin shell.
Soedel(20] eliminated this problem by employing a wmodified

iteration schena.

Because of the above reasons, the pressure for the ith

iteration is wmodified as,

- - * - * i
O I N S LIE I (3.62)

where, n is a convergence factor such that 0 {(n < 1 and
P‘s,i is the suction pressure which will be used for the
numerical procedure of the 1 th step. Pﬂ'1 is the suction
pressure calculated by the acoustic equation at the { th
step. And P".i_l is the suction presgsure which was used
for the i-1 th iteration. That is, only a fraction of the
new calculated pulsation pressures are used for the next
iteration. Obviously, this schema requires more
fterations. Therefore, it has to be studied further to

determine an optimal value of the convergence speed factor,

and the corresponding number of iterations.

Let us take an example operating conditions P. - 11
psig and Pd = 185 psig with n = 0.2, Pigure 3.19 shows the
cylinder mass at each integration step. Pigure 3.20 and
Figure 3.2! show the pressure and valve lift diagrams at a
few last {terations. It can be concluded that a

satisfactory convergence was achieved.
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In the actual use of the program, the total number of

iterations has to be selected, relative to the value of the

speed factor. The rule of thumb to determine the number of
2

iterations 1is niter2 > ;. It 418 better to check the
convergence by cowparing a few calculations.

Recommendations for these parameters, from the experience,

are
niterl = 2
niter2 = 15

factor = 0,2

3.5 Simulation Results and Comparison to Experiments

Simulation results were compared ¢to corresponding

measurements for five operating conditions. ( see Table 3.1l

)

Calculated pressures were compared to measured
pres;ures in Figures 3.22 to 3.26 for two selected
operating conditions. There were noticeable differences at
the peak <cylinder pressure, even while the general
overpressure tendency is simulated. This is considered to
be from the fact that a simple one degree of freedom valve
model was used for the complex discharge valve. The other
possible reason may be —that there 18 perhaps a gas
pulsation inside the cylinder induced by reflected waves

from the cylinder head(27].
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TABLE 3.1 ~ Simulated and Measured Thermodynamic
Efficiencies and Losses
Overall Valve Loss (%) Pulsation Loss (%)
Case Efficiency (%) | Suction | Discharge | Suction | Discharge
12 ] A" 82.53 5.90 6.90 29 1.77
B 82.16 7.61 592 2.53 1.7%
2 A R2.61] R.26 6.2% 212 1.65
B £2.79 7.35 5.71 2.54 1.62
3 A 83.66 6.29 6.1 246 1.49
B 83RO 6.93 5.36 245 1.40
4 A 79.19 6.94 £.07 3.36 2.45
B 7847 g7 7.77 284 222
5 A 79.06 6.24 8.R4 3.49 2.39
B 76.02 9.30) 9.3] 293 2.44
max. error R 329 12.3 14.6 94
(%)

1 A measured  Bocalvulated

*2. Operaung Condinions

Case

P, (paigr | Pytpsigy

R N

1 185
10 200
10 220
15 180

18 160
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With current parameter sets for simulation, the
discharge pressure 1is very <closely predicted. For the
suction side, more adjustment of the gsuction valve
stiffnees and the damping ratios may {improve the accuracy
of the prediction. For both sides, the qualitative aspect
of the simulation, for exanple.frequency and amplitude of
the pulsation pressures and valve motions, was

satisfactory.

Based on these graphs, thermodynamic efficiencies and
losses of each Bet were calculated by integratinyg areas of
P-V diagrams. The result is summarized in Table 3.1. For
the definitions of these efficiencies and losses, section

2.6 has to be referenced.

Figure 3.28, Figure 3.29, PFigure 3.30 are Pourier
spectra of the cylinder, suction and discharge pressures.
These figures were compared to the experimental results of
the first report. They showed fairly good agreement. For
example, dominant (;,7,,8,9,101"h harmonics were observed 1in
both pressure spectrums., Figure 3.31 shows simulated valve

motions.
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CHAPTER 4 - GENERAL FORMULATION OF FOUR POLE PARAMETERS

FOR THREE DIMENSIONAL CAVITIES UTILIZING MODAL EXPANSION

WITH SPECIAL ATTENTION TO THE ANNULAR CYLINDER

4,1 Introduction

Acoustic cavities that resemble an snnular cylinder
bounded by two concentric rigid cylindrical walls are often
encountered in machinery. In this chapter, & (eneral
procedure is discussed to formulate four poles of an
acoustic system and it {is applied ¢to an annular type

cavity.

Four pole parameters are a very useful concept for the
anslysis of a composite acoustic eystem because of
computational efficiency and flexibility. Good discuesions
on basic concepts of four poles of dynamic eystems and
their practical applications are found |{n references

(1,40].

l1f the acoustic system has a large dimension <coampared
to a wave length of intereet, the pressure responses which
are necessary to formulate four pole paraweters have to be
obtained by solving «the <continuous wave equation of the
system. Typically, only one dimensional acoustic elements

have been formulated analytically due to the difficulcty of
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the solution procedures involved in three dimensional
cavities. In this chapter, four poles for a cylindrical

annular cavity are obtained by the eigenfunction expansion

method.

The free vibration analysis of the system is the first
step to formulate four poles. An early attempt to obtain
the resonance of an annular shell cavity of a refrigeration
compressor and resulting noise radiation was aade by
Johnson [4,5]. He solved the free vibration problem of the
annular cavity to obtain normsl modes and resonant
frequencies. Au-Yang conducted free vibration analysis and
experiments of &an annular cavity including the structural
interaction effect (31}. Kung and Singh used the finite
e¢element method ¢to obtain normal wmodes for more general
shape cavities for which the 1inside wall 1{s not a

cylindrical shape [30].

Experimental or numerical work to obtain forced
response solutions due to single or multiple volume flow
inputs are found {n several researcher”s works [6,23,32]},
but four poles wvere not obtained. In this chapter, a
general procedure to formulate acoustic four poles from
forced response solutions is established and four poles of
annular cavities are obtained from the anslytical solution
aé an example. For the example of application, acoustic
characteristics of the annular <cavity connected <to an

anechoically terminated pipe were studied. Noise radifation
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of enclogsures of such cavities due to inside gas pulsations
was observed to be one of the wmajor sound sources in

hermetic refrigeration compressors by several researchers

[64,6,7]}.

The approach was checked against the special situation
of one dimensional wave guide response solutions and
excellent agreement was found as expected, but the

comparison is not shown in this chapter.

4.2 General Four Pole Formulation in Curvilinear

Coordinates

4.2.1 Forwulation of Four Poles frow Pressure Response

Solutions

A linear acoustic system may be comprised of one or
more lumped or continuous acoustic elements. The

relationship between inputr pairs Ql’ Pl and output pairs Qz

and Pz are expregsed as;

Ql - qu + 392 (4.1)

P = + DP 4,
| CQ2 D 2 (4.2)
A, B, C, D are the four pole parameters [l]. The four pole
parameters can be derived if the pressure response solution

of the acoustic element (s available.

Suppose the pressure solution is given by
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Jwte jwe jwt

P(x)le - fl(;.w) Qle - fz(s.w) Qze (4.3)
In equation (4.3), if Q2 = 0 and r = L
P - = 4.4
(,52)|Qz_0 PZIQZ-O fl(gz.w) qQ, ( )
Also, 1f Q2 = 0 in equation (4.1),
Q = sz'qz-o (4.5)

Coamparing equation (4.4) and equation (4.5), it ies obtained
that

1

- —— 4.6
f1(£2'w) ( )

Using equations (4.1), (4.2) and (4.3) in a similar way, it

can be shown that

f (f :w)
A = ?1715‘“5 (4.7)
1 E20Y
£ lg )
C=-¢f,(g,,w) + 77— " £f,(5,,w) (4.8)
24 fl(gz,w) 242
f (r ,w)
1 -1 (4.9)

From the above discussion, four poles of an acoustic
system can be obtained {f the pressure response of the
system at the {nput point and the output point to &
harmonic volume flow ie known. Therefore, any analytical
or numerical method can be employed as long as it can give

correct pressure resgponse solutions.
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4.2.2 Formulation of Response Solutions for a General

Three Dimensdional Cavity

Utilizing the wave equation of general continuous
media with pressure and volume flow sources as given by
Doak [44), one obtains for negligibly small wmean flow

velocities and viscosity

Y s
tz R v (m(g)) (4.10)

<
©
1
|-
o |o

c

onN

where p is the acoustic pressure, C0 is the sound velocity
in the medium, and w(r) 1is the mwmass flow source

2
distribution function. V is the Laplacian operator in

general curvilinear coordinates:

oz o1 (o Ay 5 ), & [M%
3a L A da 3a A, da
AAad, 1 1 1 2 2
A A
[e] 172 o
+ (4.11)
ba3 A3 6a3
where al, 02’ u3 are the curvilinear <coordinates and Al'
AZ, A, are the Lame parameters.

As discussed {n the previous section, four pole
parameters can be obtained {f the pressure responses to
unit input volume flow are known. If the flow source has
relatively small dimensions cowmpared to the overall size of
the cavity and to the wave length corresponding to <the
highest frequency of interest, it {8 reasonable to
approximate the source as a point source using a Dirac

delca funcrion descriprion.
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* *
() = o, Qed®t 6 (r-r ™) (4.12)
—_ *
where, j = \|-1 and 6(gr-r ) 18 the Dirac delta function

which 48, in general curvilinear coordinates ( Figure 4.1 )

1 LI | * .1

- 5 (a,-a.) —
1 1 A2 2 2 A3

The solution of equation (4.10) <can be obtained by the

*
b (a.-a (4.13)

37%3)

eligenfunction expansion wethod if the natural frequencies

and normal modes are available. It is of the form

o«
P(r,t) = L n (t) P (r) (4.14)
k=0
th
where Pk(x) is the &k normal mode of the system. Note

that PO(E) is a constant pressure mode and corresponds to a

zero natural frequency.

Substituting equations (4.12) and (4.14) in equation

(4.10), we obtain

2 .
kEu (nk(c) v P (x) - 5 (o) Pk(x)l

i

(=18 N3

(o
bod wt
= -jwe, Q 5(g-r ) ej (4.15)
Because the Pk(s) are natural modes, it can be shown that

2
V2 Pk(;) - - X P (r) (4.16)

Therefore equation (4.15) becomes
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Figure 4.1 - An Acoustic Cavity with an Input volume Flow
Source
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L In k(t) + u: ﬂk(t)] Pk(x)
k=0
2 * jwe
= JwpyCyQ 6(g-5 ) e (4.17)

If we multiply both sides of equation (4.17) by Pn(s) and
integrate over the domain, we obtain decoupled equations by

utilizing the orthogonality property of eigenfunctions.

2 *
b J w po co Q Pk (x ) erc
n k(:) + w. n(e) = 3 (4.18)
IR 6 ) A A A da da da,

where k=0, 1, 2, 3, ...., each of which stands for one

=~

t
natural mode number: wy = v, w, = the k natural

frequency, and Pk(g) are the natural modes. Further, {f we
introduce wmodal damping in equation (4.1l8), and if we

define

2
Nk -1 Pk(‘) A1A2A3daldazdc3 (4.19)
then equation (4.18) beconmes

.. .

-0 0 kT T s e (4.20)

The steady state solution of equation (4.20) {s

Y3 » Jwe
Jwe, cU Pk(; ) Qe
N e =) + 25 o W, Ckl

Therefore, the pressure response 18, from equation (4.14),

2 *
= Jwp, C. P ()P () Q .
P(f.t) = I G IV (ul22)
k=0 N [(w -0%) + 25 w w &)

Comparing equation (4.3) to equation (4.22), fl(g.w) is




obtained by letting Q = 1, f = -

2
® Jwe, Cy P (:1) Pk(:)

£,(5,w) = L 5 (4.23)
k=0 N [(w -w") + 2] ww § ]
*
fz(s,w) is obtained by letting Q = 1, = I Y
jwep C2 p, (r,) P ()
- X ) 9
9 9.k "2 kT (4.24)

f,(p0) = L z 3
k=0 Nk [(wk—w ) + 2) w wk &k]

Four pole parameters are obtained by applying equations

(4.6) to (4.9):

2 2
z -
k=0 N ((wl-0?) + 25w o, €]
A - - 2'—_ - (6.25)
- Jwey Cy P () PL(5,)
z -
2 2
k=0 Nk [(mk—w Y+ 2w W &k)
1
B = T (4.26)
T2 %P0 S P lay) Pty
22
k=0 N [(w -w®) + 2§ w w &1
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2

C = - —
2_2

k=0 N [(w -w™) + 2) v w & ]

2 2
® jwpo Co Pk(xl)
z et . et . . 8 e S e g <P, g el =P
2 2
. k=0 N [(wk-w ) + 2j w W Ekl .
2
. Jwe,y Cy Pk(xl) Pk(;z)
2 2
k=0 N, ((wk w") + 2] w W Ekl
2 2
® jJwepy Cqy P (1,)
£ 5 2° 0 k-2 (4.27)
k=0 Nk ((wk-w ) + 23w wy &k]
2 2
- Jwey €y Pk(‘l)
2° 2 o o
k=0 N [(w/=w") + 2§ w w,_ £ |
D = k k > k "k (4.28)
: 19 %0 % Pe(5)) P (Ey)
2 2
k=0 Nk [(wk-w ) + 2w W, &k]

It was shown that four pole parameters can be derived
for any type of acoustic system from the forced response
solution. Modal expansion was wugsed to obtain this
solution. This means that {f natural frequencies and modes
are available as a result of analytical, numerical or

experimental approaches, four poles can be formulated.

In this chapter, four poles of an annular cavity with
rigid concentric walls will be obtained as an exaample,
using analytically obtained natural modes and frequencies.
The four pole forwmulation 18 wvalid for both gas filled

cavities and fluild filled cavities.
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4.3 Example : Formulation of Four Poles of Annular

Cavity

4.3.1 Hatural Modes and Frequencies

Annular cavities are encountered in many applications,
for examples 1in hermetic refrigeration compressors, or in
water jackets of reactors. Four pole parameters of such
cavities are needed to combine the cavity with a model of
the overall system so that the simulation and analysis of
the induced pressure response of the system s possible.

Pigure 4.2 shows an annular cavity which is connected to a

long pipe.

Ae {t was mentioned, natural frequencies and normal

modes have to be found first. The homogeneous wave

equation and boundary conditions are, referring to PFigure

“02.
2 1 bzg
v p - — L - 0 (5.19)
CZ btz
0
d
e -0 at rea, reb (4.30)
0p . ¢
3z ° 0 at z =0, z = h (4.31)
also, the continufty <condition is imposed in the

2
circumferential direction. ¥ 1is the Laplacian operator of
equation (4.11), but specialized to cylindrical coordinates

so that Al-l‘ Az-r, A3-l, al-r, az-e, 03-2.

The fact that in & practical situation {ntake and

outlet pipes occupy the cavity space presents no problem as
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long as the diameters of these pipes are small compared to
the <cavity dimensions and the wavelength of the highest
frequency of interest. For example, in fractional
horsepower refrigeration compressors, pipe diameters are of
the order of 6wmm, while cavity dimensions are typically of
the order of 200mm height, 100mm outer diameter and 75@mm
inner diameter. The highest frequency of interest {is
approximately 1000 Hz, with a typical speed of sound of
refrigeration gas of 160 mwm/sgec. Thus, the smallest
wavelength of interest is of the order of 160usm.

Therefore, the space <taken wup by these pipes can bde

neglected. Of course, the basic approach of this research
is not limited to such a simplification. More exact
natural modes could be determined nuwmerically or by

experiment.

Without claiming originality, only for the sake of
completeness of discussion, we solve this standard value

boundary problem by separating variables.

P(r,0,z,t) = R(r) © (8) 2(z) e“° (4.32)
Boundary conditions become
d d )
p R(r)lr_a It R(r)lr_b - 0 (4.33)
d d
az 2(2) 00 =37 22,0y, = O (4.34)
and © (8) has <to satisfy the continufity condiction.

Substitucting equation (4.32) in -equation (4.29) and

utilizing boundary conditions, we obtain.
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O (0) = cos(n(6-9)) (4.35) n=20,1,2,...

and where ¢ is an arbitrary phase angle. Also

z(z) = cos El z (4.36) D = 0,1,2,...

In radial direction, an ordinary differential equation 1is

obtained sas

2
rz ;27 R(r) + r 3% R(r) +
r
2 2.2 2 2
K- - B ; r“-n°} R(r) = O (4.37)
h

h K =
wnere - =,
o

Solutions of equation (4.37) are given in terms of

Wn
Bessel functions for k > ;’.

R(r) = A J (x r) + B Y (x r) (4.38)
a n n n

vhere ‘2 -k - ; . Jn and Yn are Bessel functions of the

first kind and the second kind.

13
If k < E—, then

h
R(r) = An In (x r) + Bﬂ Kn (x r) (4.39)
2 2‘2 2
where, Y - 2 7 k™, In and Kn are modified Bessel
h

functions of the first kind and the second kind.

I1f equation (4.3Y) would be applied to <the boundary
conditions (equation (4.33)), the resulting characteristic
equation would not have real roots. Therefore, ¢tthis part

of tne solution can be ignored [4}.
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Applying boundary conditions (equation (4.33)) to
equation (4.38), characteristic equations are obtained as
follows:

- - 4

Jn (x a) Yn (¢x b) =~ Jn (x b) Yn (x a) = 0 (4.40)

where primes denote differentiation with respect to r.

Using recurrence relationships for Bessel functions,

equation (4.40) can be written as

[nd (xa)-xa J (xa)l{nY (xb)-xb Y (xb)] -
n n+l n n+l
[nY (xa)-xa Y (ca)]lnJ (xb)-xb J (xb)]=0 (4.41)
n n+l n n+l
The roots of equation (4.41) are found as follows. We
select values for n and seek the x that satisfy the
equation. There will be an infinite number of thenm. Each
value 1is designated as ‘nq where q = 1,2,3,... denotes the
th
q root of equation (4.41) for a given n. The natural

frequencies in rad/sec are then obtained from

2 '“Z:I
. w
wnnq LO an + hz (6.42)

The mode function R(r) becomes

R(r) = J (x r) + C Y (x r) (4.43)
n nq ng n  nq

where

n J (x a) - (x a)
n n

'S a J
- q -ng___n*l nq
qu n Yn(‘nq a) - «x a Y (x a) (4.44)

nq n+l’ nq

Equactions (4.35), (4.36) and (4.43) dertermine the
natural modes. However, since O (8) is given as equation

(4.35), we have to use two sets of mutually independent
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natural modes, which is similar to the case when one solves
for the vibration response of a «closed ring or <closed
cylinder [10]. The reason 418 that the modes have no
preferred orientation as far as O direction is <concerned.
In order to allow for any orientation, as it might be
excited in the forced case, we have to select two values of

¢ that give mode distributions that are orthogonal to each
other. Selecting ¢ « 0 and ¢ = n/2n gives enl = cos n O

and an = gin n 0. This gives the following two sets of
pressure wmodes for n,a = 0,1,2,..., and ¢ = 1,2,3...

P(mnq)l (r,0,z2) = (Jn(anr) + qu Yn(Knq r))
cos n B cos %l z (4.45)
P anq)2 (r,8,z) = [Jn(anr) * Co Yn(rnqr)l )
sin n@ cos %l z (4.46)

Hote that a8 constant pressure mode satisfies boundary

conditions in r and 2z direction (equations (4.33) and

(4.34)), and the continuity condition in 6 direction. The

corresponding natural frequency is obtained as zero {f we
. juwt

subscitute P(r,8,z,t) = const e in equation (4.29).

It is better to define this natural mode in addition to

equations (4.45) and (4.46) in the following way.

p L 4,47
(0,0,0)1 (4.47)
P(O,O,O)Z 0 (4.48)
w(O,U,U) =y (4.49)

This mode describes a spatially constant pressure change,
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which has to be part of any forced solutign that covers

cases where gas is accumulated in the cavity.

An example of the natural mwmode for n = m = q = |1 {8
shown in Figure 4.3. The mode {8 one of which are
typically strongly excited in practical machinery such as

refrigeration compressor shells.

For a specific case of a = 0,06 m, b = 0.08 m,
h = 0.185 m, C0 = 162.9 m/sec (see Figure 4.2), and

3
Py 6.04 Kg/m , natural frequencies for various @, n, ¢

are shown in Figure 4.4. From Figure 4.4, it can be seen

that the lower natural frequencies correspond to q=l.

It is of some {interest to discuss the radial

distribution of natural modes of q=l. From equation (4.45)

or (4.46), the mode {is

R () = J (x
q n

r) + C Y (x r) (4.50)
on n

nq Q n nq

Figure 4.5 shows the radisl distribution of natural modes
for q=1 for various n numbers. As it is seen in equation
(4.50), m numbers do not change the shape of these natural
wodes. The radial distribution {s of alwost constant value
for n = 1,2,3,... However, the mode has a nodal point in

radial direction for n«U and q=l, which is a higher mode

d th
(corresponds to the 53r , S4 natural frequencies ).

The «cross sectional views of natural modes are

schematically shown in Figure 4.6 for various n,q
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combinations. As it is shown, the mode for n=0 and q=! has
a similar shape to the mode for n=1, q=2, which is also a

higher mode.
4.3.2 Four Poles

The four pole parameters are ready to be formulated,
following the procedure of section 4.2. Since there are
two normal modes at one natural frequency as shown in
equations (4.45) and (4.46), it 4is convenient to wodify
some of the general equations, using an addicional

subscript 1 to assure that all mode components are gummed

up.

The functions fl(g,u) and iz(g.w). which define the
four poles according to equations (4.6) to (4.9), become

2 - - -
fl(r,e.z.w) - jupocg L L L L
l=] q=0 n=0 a=0

(r,0,2) P (r Gl,z )

(mnq)l _(mnq)l" "
N
Nunq [(wmnq.w )y “angq &mnq]

(4.51)

2 - - -

£,(6,0,2,0) = jupocg r r ¢ ¢
1=]1 q=U n=0 m=0

(nnq)l(r 8.,2) p(nnq)l

Nmnq l(wmnq-m )y 2w wnnq Emnq)

(r 9 2, )
2.2 (4.52)

where

2 .
P(unq)l(r‘e'z’ drdédz (4.53)

- A

 §
CY—z
cY
& Y—o

"

mnq
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Figure 4.7 to 4.10 show four pole parameters
calculated for the specific case of the cavity which has

the same dimension as that of Figure 4.4, and 4{input point

*

I, - (0.065m, Oo, 56/7), and output point
*

E, " (0.075m, 1800, 5h/7). Damping was taken to be

annq = 0.01. This example case corresponds approximately

to 8 compressor shell volume for a semall refrigeration
compresgsgor, filled with refrigerant gas at suction

condition.

4.4 Application to System Problems

As example of an application of the derived four
poles, <consider an annular cavity which is connected to an
anechoic pipe and subjected to s harwonic input volume flow

source as shown in Figure 4.2.

The relationship between the volume velocity and the

pressure of the pipe entrance is [l}]:

S
an
Q, = P (4.54)
E poco E
where, S is the cross sectional area of the pipe.

an
Therefore, the four pole equation relating input Qi’ P1 to

cutput QE becomes

(4.595)
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where, A, B, C and D are four poles of the annular cavity.

From equation (4.57), the driving point 4impedance 1is

obtained as

an
Py ¢ PoCo v P
4. _00 (4.56)
Qi San
A L 4 B
PoCo

Also, transfer functions are

3
an
Q G
T (w) - £ =« 00 (4.57)
9 Q1 San
A —2 4 s
Pobo
P
T (w) » £ & — L (6.58)
P Q 3
i an
A—2R 4
Pobo

Volume transfer functions are shown in Figure 4.1l for four

types of input/output port arrangements. The cavity has

the same dimensions as the cavity of Figure 4.5, and

-4 2
San = 0.3x10 ®mw . Damping coefficients are taken as

13 - 0.01.
mnq

The position of input port is taken the same as for
Figures 4.7 <to 4.l10 and the output port positions are
" , o
I - (rE, GE, zZpy * (0.075m, 180 ,0.1321m) for case C»
(0.075m, 180°, 0.v925m) for case C,, (0.u75m, 0°, V.132lm)

°
for case Cy and (0.075m, U , 0.U925m) for case Cut

1f the dimension of <cthe <concentric gap (s small

compared to the height and the radius, as {(n many practical
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applications, modes where circumferential and axial wmotion
dominates are wusually excited. For the dimension of the
example of a refrigeration compressor in Figure 4.2, —cthe
first circumferential motion dominated mode is shown to be

the most iwmportant, which agrees with practical experience

(71.

Figure 4.12 shows the volume flow trangsfer function at
the firat, the second and third lowest natural frequencies
ags function of the position of the output port. It 1is
expected that the transfer function variation resembles
each corresponding natural mode. As a practical
application, 1if <certain frequency components are found to
be important to be controlled as the result of a sound
measurement, the {input port position can be designed to

wminimize the transfer function.

The output volume flow velocity 1is, from equation

(4.57),

QE - TQ(w) Qi (4.59)

The pressure due to QE and Q1 is, from equation (51),

2 - ® L)
2 jwe
plr,t) = juwp Ci e L £ L A 4 (r,8,2)
v-o 1=1 q=0 n=0 @=0 mnq(l)
P (r ,8 ,2z )-P (r.,9 .,z )T (w)
.EJ‘_Q.LQ,,I_T!.--LZM-QQ(.}_Q.--_W_% S D g (4.60)
Nmnq ((wan W) o+ 2w wmnq zmnq]

The magnitude of the excited pressure of the annular

0
cavity due to a wunit voluwe flow {input at 6 = 30 1is
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Figure 4.13 - Excited Pressure Shape (Magnitude)
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plotted in Figure 4.13.

The particle velocities of the cavity can be obtained

by integrating Euler”s equation.

1
p = — [ 9 p dt (4.61)
°o
where
[+) d
30 fo *3: £ (4.62)
vectors in r, 8, z direction.

(s}
v - or 3: +

B I

and where e , e
~r

&g 5z are uni

It can be nondimensionalized by dividing {t by the

particle velocity in the anechoic pipe.

* u
y o (4.63)
QE/san
*
Each component of gy was plotted against nondimensional

coordinates in Pigure 4.14 for a unit volume flow input of
540 Hz, The position of the 1input port was taken as
5* = (0.065m, 300, 0.1321m), while all other dimensions are
the same as case Cl of Figure 4.11. Figure 4.15 defines
the lines along which velocities {n Pigure 4.14 wvere
calculated. As can be seen at the cylinder wall, the
radial cowmponent of the velocity is zero, which complies
with the boundary condition. Tangential and axial velocity
components exist at the walls, s8ince wall friction and
resulting boundary layers are assumed to be negligible when

using the linear wave equation theory.
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FPigure 4.15 =~ Illustration for the Velocity Calculation
Path



160

It can also be s8een that tangential and vertical
velocity components are dominating the motion as expected

for lower mode frequencies.

4.5 Forced Regsponse of the Cavity to Multiple Inputs

The previous development can be extended to an annular

cavity subjected to multiple inputs shown in Figure 4.16.

1f we define TQI and TPl as

Q
- —E,1 (4.64)
Q1 Qin,l
P

T, = 6—541 (4.65)
in,1

where 1 = 1,2,...,n, Q and P are the output volume
E,1 E,1

flow and the output pregssure due to input volume flow at

T

point 1. Then TQl and ‘I‘P1 are

I vlo_ . ‘ (6.66)

S SR (4.67)

where, Al. Bl are pole parameters between the input point

* "
and output point fg-

The output volume velocity is given by
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Figure 4.16 - An Annular Cavity with Multiple Inputs



n Jw_t
Q.o (t) £ Q e
TE 1=l El
n jwlt
121 TQl Q1 e (4.68)

For the special case where

we obtain

- J(A’[ - Jwt
QTE(t) QE e 1El TQ1 Q, e (4.69)
The output point pressure is
n
P, = £ p_. ed¥t
TE 1=l El
iy w
- & 1, q ¥ (4.70)
1=1

As an example, if we take two inputs that are located
in circumferential direction as shown in Figure 4.17, of

equal frequency w and magnitude, but out of phase such that

je
QZ-Qle'
- je Jwte
QTE(t) (TQl + TQ2 e” ) Ql e (4.71)
W -
hen TQl TQZ' which occurs {f the {inlets are
arranged symmetrically with respect to outlet, then
. jo . Jut
Qpg () Q1TQ1 (1 + e ) e (4.72)

Frow equation (4.74), {t can be argued that the output
flow pulsation 18 &eliminated if the phase difference

between two inputs is 180° for all frequencies, although it



™

Pigure 4.17 - An Annular Cavity with two Symmetric Inputs
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may be difficult to achieve this in practical application.

If the two input frequencies are slightly different, a

beating phenomenon is observed. The pressure at the output

*
port when w, = 315 Hz, w, = 285 Hz, r, = (0.065 m , 0°,

*
0.13214 m ) and g, = (0.065 @ , 0°, 0.0925 m ) is shown in

Figure 4.18.
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CHAPTER 5 -~ ANALYSIS OF GAS PULSATIONS IN MULTIPLY

CONNECTED ACOUSTIC CAVITIES

5.1 lIntroduction

5.1.1 Review of the Problen

Most work in the area of pressure pulsation analysis
of complex fluid manifolds is based on the lumped parameter
model. This method has been widely used for the compressor
and engine mwmanifold analysis because it {s relatively
simple([13,14,15]). However the wmethod gives reasonable
results only for elements which are small compared with the

shortest wave length of incterest{l]). Large cavities which
have wmultiple <connections cannot be treated by the lumped

parameter model because {t does not allow spatial

variations of the pressure in the cavity.

An acoustic element of large dimension relative to the
shortest wave length of 1interest has to be modeled as a
continuous parameter model[1,47]. There have been
investigations on the analysis of <continuous parameter
systemsg by several researchers for various geometries
{30,32,46), however, most of them were on isolated acoustic
elements. Literature survey revealed no attempt to analyze
an acoustic system composed of multiply connected

continuous acoustic elements.
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Ingights obtained from a simply connected cavity
analysis cannot be extended to multiply connected manifolds
because dynamic interactions between cavities become more

complicated.

In this chapter, a general procedure i{s developed for
the analysis of a system composed of two multiply connected
large cavities. A cylindrical annular cavity connected to
a small lumped parameter volume by double pipes is taken as
an example, although the result can be applied to more

general cases without any difficulcry.

The four pole parameter technique was used as a
fundamental tool of the analysis. It was used to build up
the system solution from solutions of its elements as well
as to s8tudy the response of the system when it s
integrated with other acoustic elements, for example an
anechoically terminated pipe. The authors have developed
an approach to obtain four pole parameters of an acoustic
system from 1its ©pressure response solutions and have
applied it to the analysis of an annular c¢ylindrical
cavicy(4?], In «cthis chapter, the method 1is further
extended and generalized to treat more complicated acoustic

systems.
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5.1.2 Four Pole Parameters

Four pole parameters of an acoustic system can Dbe
formulated if its pressure responses are known[47].
£alrpee)

- 5.1
£ (5,.9) -1

B = ?TTE;TEy (5.2)

R S

fI(‘Z'“) fz(gz.w) (5.3)

C = - fz(zlnw) +

fl(gl.w)

D = (5.4)

fl xzﬂzf
where, fl(g,w) and fz(g,u) are the pfessure responses of
the system at r due to a unit volume flow input at 51 and a
unit volume flow input at L and I, and r, are the
positions of the input port aid output port of the system.
For example, fl(EZ’w) is the pressure response of the
system at the output port due to a unit volume flow input
at the {nput port. Therefore, knowing a general form of
the pressure responses of the system, four pole parameters

are readily calculated by the relationship in equatlions

(5.1) to (5.4).

5.2 General Formulations

The acoustic system shown in Figure 5.1 has two large

cavities connected to each other by n long pipes, which can
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Pigure 5.1 - Two Multiply Connected Acoustic Cavictcies
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be found in various types of fluid wachinery such as

compressor gas manifolds or automobile mufflers.

Only for the purpose of conciseness {n subsequent
discussions, let us define the following terms for the

system shown in Figure 5.1.

l. The first cavity and the second <cavity wmean the

cavity which has the input port and the cavity which

has the output port.

2. r and 52 are the position vectors of the input port
and the output port of the gsystem as it was wmentioned
above, and LW and f,, are the connection points of
the 1th pipe to the first and the second cavity.

3. Q and Q21 are complex amplitudes of the volume

14
flows and pll and 921 are complex amplitudes of the
d .
acoustic pressures at LS L 521

c and D1 are four pole parameters of the

1 7!

{ h pipe.

5. 4(r) and h(r) are pressure responses of the first

cavity and the second cavity. The subscript denotes

the position of the corresponding input volume flow

to the cavity. For example, (51) stands for the

)3

pressure response of the first cavity at 51 due to =&

unit volume flow input at 513.
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5.2.1 PFormulation of Fundamental System Equations

th
Four pole equations of the { pipe are,

Qg = Ay @ * By Py (3.5)

- + 5.6

14 Ci Q21 Di P21 ( )

where, 1 = 1,2,3, " 'n. Then the pressure response of the

first cavity in Figure 5.] is expressed as follows

n
P (r,w) = g () Q - jEl 815(5) QlJ (5.7)

The pressure of the second cavity is

n
P (r,w) = £ h_ (r) Q

o (I 2 ¢F = h,(r)Q, (5.8)

2}

Substituting equations (5.7) and (5.8) in equations (5.95)

and (5.6) and by rearranging the results, we obtain

n
Uy - 21 ( AByy ¥ Byhgyleyy) ] Q9

J-
- -Bihz(_x_'u)Q2 (5.9)
n n
JEL 313(511)Q11 + JEI [cib1j + Dihzj(szi))sz
- sl(gli)Ql + nih2(521>Q2 (5.10)

where, 1 = 1,2,3, "°°, n, and 61 18 the Kronecker delta

3

function.

Equations (5.9) and (5.10) are 2n equations which enable us
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to 8olve 2n unknown internal volume flows Qlj and sz,
j=1,2, °°, n, for a given set of input and output volume
flows Ql and Q2'
5.2.2 Derivation of the Four Pole Parameters

Pressure regsponges of the overall system

fl(g,w) and fz(g,w) are necessary to be known to calculate

four pole parameters. Considering the definition of fl(g).

the corresponding volume flows are Ql = ] and Q2 = 0.

Therefore from equation (5.7),

flepe) = Pl

1'1’Q2'°
n
-81(51) -JEIEIJ(El)QlJ (5.11)
and from equation (5.8),
£100000) = Polryw)ly 11 q,=0
1 2
n
- 5.12
b hZJ(Ez)QZj (5.12)
i=1
vhere Q,, and Q,,, j=1,2, """, n, should be obtained by
solving equations (5.9) and (5.10) taking

Q, = | and Q2 = 0.

I

fz(f,w) can be obtained similarly
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£,(r,,0) = Pl(sl'w)IQl-O.Qz--l
n

- - T

(r.)Q (5.13)
217713
i=1

falrye) = Pz(fz’w)IQl-O.Qz'-l

(52)02 + h2(£2) (5.14)

h
o1 23 3

Notice that Q2 is taken as negative because fz(;,w) is
defined as the system response to a unit volume flow input
at the output port, while an output flow s taken as
positive for Q2 during the formulation of equations (5.7)
to (5.10). Again, Qlj and sz should be solved fron
equations (5.9) and (5.10) taking Ql = 0 and Q2 - -1,

Now the four pole parameters are ready to be
calculated from equations (5.1) to (5.4). 1In the actual

calculations, one can utilize the reciprocal properties of

the pressure response as follows.

fl(gz,w) - fz(gl.w) (5.15)
311(513) -313(5“) (5.16)
- . 7
h21(521) h2j(£21) (5.17)
where, 1, = 1,2,3, °° ,n

5.2.3 Application to the System Analysis

Analysis of the system response is8 done by wutilizing

the derived four ©pole parameters. If the acoustic systen
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shown 4in PFigure 5.1 18 connected to an anechoically
terminated pipe of cross sectional area San’ the transfer

functions are given as([1,47]

an
Q P c
ToWw) = 6-1 -—2 (5.18)
1 an
Ao *8
o 0
P
T (w) = 5-2- - - A (5.19)
1 A an B
pC
o 0

where, T (w) is the volume flow transfer function , Tp(u)

Q

is the pressure transfer function of <the system, and
A,B,C,D are four pole parameters of the overall sgystem
obtained by the procedure in the previous section. Also,

the input point impedance of the system is given by

san
D
¢ P

+
P1 0 O
Z (W) &« — & ————— . (5.20)
° Ql san
A "—E— + B
po 1y}

Volume flows at the end of connecting pipes

Qli and Q21, i= 1,2, , n, can be calculated frono

equations (5.9) and (5.10) by taking Ql - Q1 and

- T o T s -
q, (wiQ, herefore pressures at r , r, Py Egy J
1,2, "°7, n, can be obtained from either equation (5.7) or
(5.8). For example, the pressure at the output point is,

from equation (5.8),
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n
- JElhzj(sz) Q2J - TQhZ(EZ) Q1 (5.21)

From equations (5.19) and (5.21), <the following relation

should be gatigfied for a properly solved case,

Q n
1
= Ionyy(Ep)Qpy - Tg hple)e  (5.22)
a—2n 45 I7!
p
o o

Therefore, this relation can serve as a check of the

numerical computations.

5.3 Example ; A Large Annular Cavity Connected to a Smal

Volume by Two Pipes

5.3.1 Pressure Responses of the System

As a special example of the previous general
discussion, let us consider the system shown in Figure 5.2.
The first volume {s swmall enough to be approximated as a
lumped parameter element in which excited pressure 1is
assumed to be spatially constant. The second volume is a
large annular cylindrical shape which (s often geen 1in
actual products such as a hermetic refrigeration
CoOmpressors. The two volumes are connected to each other

by two pipes which can be of different lengths and cross

section.

Fundamental equations for this system can be reduced

from developments of <the previous section. Because the



176

Figure 5.2 =~ An Annular Cavity Connected to a Small Lumped
Parameter Cavity by Two Pipes
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pressure 1s constant in the first cavity, let us define

g = gi(sj) where j,k=1,2,11,12.

Equations (5.9) and (5.10), used for the solution of

the unknown volume flows, are modified as

A, - [ 1M (e Ax}qzx - Biho(Ey 0y,

- -B h, (5, )Q, (5.23)
Qg = By (ryy2, - [Bzhzz(fzz) + A2]Q22
- -B,h,(r,,)Q, (5.24)

g8 (. Q +Q, )+ [01"21(‘21) + CI]QZI MILELPPAS PR

- g Ql + Dlh2(£21)02 (5.25)

g C Q) +Q, ) *+Dyn, (r,,0Q,,* Pfﬁzuzﬁ +CJQu

~80Q +0D hz(gzz)qz (5.26)
For the pressure response fl(g). equations (5.11) and
(5.12) are modified as

fl(gl.w)-g( 1°Q“ -le ) (5.27)

fl(gz,w) - h21(£2)Q21 + h22(£2)Q22 (5.28)

where, Qll' le, QZl’ and sz should be golved from
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equations (5.23) to (5.26) with Q1 = 1 and Q, = 0.

For the pressure response fz(g), equations (5.13) and

(5.14) are modified as

fz(_x;l.w) - - g (Qll tQ, ) (5.29)

fz(gz,w) - h“(gz)Qz1 + h22<£2)Q22 - hz(zz) (5.30)
Again, internal volume flows should also be obtained from

equations (5.23) to (5.26) with Q1 = 0 and Q2 - -1,

5.3.2 Actual Calculation of Four Poles

For the actual calculation of four pole parameters of
the sesystem, it is necegsary to know the pressure response
solutions for the <cavities, g and h(;), and the four poles
of the connecting pipes. Four poles of the finite length
pipe can be derived from one dimensional wave propagation
theory. Following reference|[l], four pole parameters of

th
the { pipe are given as

A =D = hy L 5.31
1 g Cocesh Y by ( )

jws

|
B1 3 ninhviL1 (5.32)
OCO Y1

2
poco Yi. .
Ci - ~?;§:*— ﬁiDthLi (5.33)

where, po is the average density of the gas of the system,
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t
S1 Li are the cross sectional area and length of the 1
»

pipe, and C° is the average speed of sound. Yi is given as

- + (5.34
Yi a, ik )
where, k 18 the wave number defined as Eﬁ’ and a, repregent
o

the damping effect of the 1ch pipe which 18 defined as,

Ci\/vw

1 " T a, (3.33)
o i

In equation (5.35), Ci i8 a correction coefficient that s
adjusted for particular manifold geometries ,v e the
kinematic viscosity of the gas, and d, is the diameter of

i
th
the { pipe.

The pressure - input volume flow relationship of a

small, lumped cavity is given as{l}],

Q (5.36)

Therefore, we obtalin

2
poco
g =Pl _ - (5.37)
Qo 1 juVol
where, vol is the volume of the first cavity.

The pressure response o¢f the annular cavity was
derived 1in chapter 4 wusing the eigen function expansion

method. The general response is written as
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2 @ ® @

* 2
h,.(r ) = jwp,C z I z L
23 070 121 q=0 n=0 m=0

*
P(mnq_)_l(‘ ) p(mnm)l(xz_j_)
[ Flt o — 2B Sl (5.38)
Nnnq [(wnnq.w )+ 2w wmnq Emnq]
% * * *
where | is (r , 0 , 2z ) because the cylindrical
coordinate s being used, P is a natural mode of the
(mnq)1l
annular cavity gas, wnnq is the corresponding natural
frequency, and amnq is & wmodal damping coefficient.
Reference [4] s8should be <consulted for equations for
P(unq)l(s)' Nmnq' and mnnq'

Equation (5.38) 1s a general form of the pressure

regsponse of the second cavity. For example, h22(£21) can

be obtained from equation (5.38) as follows.

2 - - -
* 2
h,,(r,, ) = h, (r )] . =Jwp,Cy I I L I
22 21 ZJ J-Z'x -LZl 00 1=1 q-O n=0 m=0
P(mnq)l(EZI) p(unq)l(EZZ)
l————*~~-2-—‘-5 ------- ———=Eeee—- ] (5.39)
Nnnq [(wunq-w )+ 23w wnnq Cunq]

Now, the four pole parameters of the systea shown {in Pigure
5.2 are ready to be calculated numerically wusing the

procedures of the previous two sections.

5.3.3 Calculation of System Responses

FPigure 5.3 shows the transfer functions T (w) which

Q

was calculated for <the system shown in Figure 5.2 with

dimensions a=0.06m, b=0.08m, h=0.185m, Vol-lb x 10 o,
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o 3h
L1-0.3m, L2 =0.25m, t21-(0.065n, o, Z“), r,, = ( 0.065m,
Oo, %h), and San = 0.3*10-4 mz. Cross sectional areas of
3 2

connecting pipes S1 - 82 = 0.32x10 ° m“. Sound velocity

3
and density were taken as Co = 162.9 m, I 6.04 kg/m”,

which 18 a typical suction line condition of the fractional

horse power refrigeration compressor.

Pigure 5.4 shows internal volume flows 4in the annular
cavity Q21 and sz due to a8 unit volume flow input to the
systew, for the same case as Figure 5.3. Damping effects
of the connecting pipes were not considered, but very low
damping ( 1 X of the critical damping at each mode ) was

introduced in the annular cavity analysis.

The pressure in the first cavity can be obtained from
the input point impedance Zo in equation (5.20). General
expregssions for pressures at points inside of the annular

cavity can be obtained frow equation (5.38) with Ql'

QZ - TQQl as follows.

2 - - - P (r,e,z)
PGp) =gwe €2 1 1 g anq(l)

la} =() =() - - 2
n m q 0 N'nq((w W ) + Z’NU E

.
- —

)Q - I

21 Panq(1)%22°%22 )Q

M 4

P 8
anq (1) F21°%21°%2) 227%22

T Pang() (2080209 (5.40)
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5.4 Passive Control of the System Response

The response of the s8ystem in Figure 5.2 can be

controlled by designing the connection pipes and locations

appropriately.

The first method is based on the <concept of mwmode

elimination, which requires designing the two pipe

connections to the annular cavity such as to take advantage
of natural mode shapes. As it was shown in chapter 4 for
most typical compressor shell <configurations, the lowvest
natural frequencies belong ton = 1 or n = 2 modes ( see
Figure 5.5 ), where n epecifies the natural mode number in
the circumferential direccion. As we <can s8ee {n PFigure
5.5, a pulsation dominated by ¢the n = | mode can be
eliminated by designing two ports located 180° apart. This

design has little effect on the n=2 circumferential mode

response.

Figure 5.6 shows the comparison of pulsations in the
output line for the cases of 6-00, which corresponds to a
single connection design with a pipe of twice the area of
an 4individual pipe, 6 = 90°. L1 and LZ were taken as
U.25 @ while other conditions are kept the same as for the
case of Figure 5.4. It can be seen that the level of
pulsations was reduced considerably by eliminating cthe

excitation of the n=] mode.
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The second method is based on the concept of wave
cancellation, which utilizes the wave interference effect
of input flows to the annular cavity from two <connecting
pipes. If connecting pipes of different 1lengths are
located at the same point in the annular cavity, the output

volume flow 18 expressed i{in terms of Q21 and sz as

follows.
ot Ta Yt Q2 Ty,
3(02“0,) 3,
To Qg (1 ve )+ gy, i-ley e 21 (5ea1)
where, T is the transfer function between the connection

qQl
point and the output point of the annular cavity, and ol

and 02 are phase angles of the flows Q21 and sz. Looking

at ecuation (5.41), w@most of the ©pulsations can be

eliminacted if we can make 01 - 02 equal to 180° while

keeping |Q and IQZZI close. This can be obtained by

le
using two <connecting pipes having half wave length

differences in length.

The effect of wave <cancellation 1is illustrated as

function of the nondimensional difference of pipe lengths

o
in Figure 5.7 for L1 « U.3 m, £, "5, " ( v.v05m, U .

%ﬂ Je All <the other dimensions are the sawme as in Figure
5.3. As it is expected, the pulsation flow possesses the

winieum magnitude at |L2-L1] = 0.5A. Figure 5.8 shows the

effect of wave cancellations in terms of frequency when L1
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= 0.3m and L2 ig 8 half wave length shorter than L1 at 600

Hz.

Comparing FPigure 5.9 with Figure 5.6, one <can find
that the first wmethod has a relatively broad band effect
while the second wethod 1is w@more effective in reduction
magnitude but over narrower frequency bands centered at the

frequencies corresponding to Lz—Ll - %, %L,"’.

Based on the above observations, one can devise a
design to wutilize the advantages of both methods by using
four connection pipes as shown in Figure 5.9. This design
can lower the frequency response of the system over a broad
frequency range by eliminating excitations corresponding to
the n=l modes and can decrease the frequency response over
certain narrow frequency bands which w@ay be designed to
coincide with the objectionable frequency of a spectruam.
From a practical viewpoint, such a design umay be difficulrc
to apply to small machinery such as fractional horsepower
hermetic compressors because of cost and space required. It
will be wmore feasible for larger systems, for example for a
pump driven nuclear reactor jacket filled with <cooling

vwater.

5.5 Concluding Remarks

The intent of this chapter {s to study acoustic

characteristics of wmultiply connected continuous acoustic

-

elements. It is distinctive from previous investigations
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in which either lumped parameter aodels were wused for
complex manifolds{l13,14,15] or continuous parameter models
were used for relatively siwmple wmanifolds|32,46,47]). A
general solution procedure was developed for two continuous
cavities which are multiply connected by one dimensional
continuous pipes. The fundamentals of the procedure can be

applied to the analysis of even wmore general wmanifold

system involving many cavities. The results have been used
for a specific case of a continuous annular cavity
connected to & small lumped parameter cavity by two
continuous pipes. The system analysis was done utilizing
four pole concepts to obtain acoustic responses in terms of
pulsating pressure and volume flow. As an exawmple of
practical application, manifold connections were designea
to passively control the system response by using natural
mode elimination and phase <cancellation concepts. Both
methods are considered to be potentially very wuseful for
the design of actual products. The analytical method
developed in this work can be applied to other <complex
acoustic mwmanifold, such as automotive wmufflers or pulsing

liquid systeas.
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CHAPTER 6 - EXPLORATION OF DIRECTIONS FOR DESIGN IMPROVEMENT

6.1 Design of the Suction Gas Manifold

6.1.1 General

Pl

The purpose of this section is not the development of
a general theory of muffler design but the investigation of
existing alternatives to pursuit designs and some new
attempts of suction gas path design for the noise reduction
of refrigeration coapressors. General discussions of the
fdentification and control of compressor noise gsources can
be found in references (4,7,8,48]. The approach of this
section is based on the assumption that a general decrease

of the noise level can be made {f prominent peaks in the

measured noise spectrum can be reduced. Roys{7}] conducted
sound power measurements on the same ¢type of prototype

compressor and reported dowminant peaks in the 400 - 550 H:z

th _th _th
frequency range( 7 ,8 .9 peaks).

Figure 6.1 shows designe of suction gas manifold which
are discussed in this section. Case A is the present
design which has a standard expansion volume type suction
muffler. A side branch resonstor {s attached ¢to the
suction head for case B. Designs shown in C and D are

special arrangements of the suction gas return system Lo
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Figure 6.1 - Various Suction Manifold Designs
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reduce pressure pulsations i1inside the hermetic shell
cavity. Case E 1is the illustration of a special type of
the suction system which was originally suggested by
Roys[7]. 1t wuses the compressor shell cavity itself as a

side branch resonator.

6.1.2 Design of the Suction Muffler

Performances of the standard muffler(case A of Figure
6.1) and the muffler with a side branch resonator(case B of
Figure 6.1) are compared in FPigure 6.2 in terma of the
volume flow transfer function. In order to provide a
better insight, the transfer function of the suction system
from which the standard mwmuffler 1is removed is shown in
curve C. The suction wuffler acts as a low pass filter
which reduces the transfer function 1in relatively high
frequency range. The side branch resonator has a band
filter effect as curve B shows. The center frequency of
the filtering effect 18 the natural frequency of the

resonator [49]), which {s

(9]
(7]

L

f (6.1)

- 2
2%

e
«<

f* should be designed to be close to the frequency of the
noise peak which has to be eliminated. 440 Hz was used for
this trial calculation. The two cases were the side branch
resonator {8 ‘located either off the first volume (suction

head) or off <the second <cavity (suction wmuffler) are
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compared in Figure 6.3. ( It could also be 1located off a
pipe. ) Both design have the same filtering frequency f*,
however the attenuation effect is much stronger when the
side branch 1is attached to the first cavity, which confirms

common senge that tells one to locate a noise control

device as near to the noise source as possible.

The comparison in Figure 6.2 can be misleading because
the three curves do not represent cowmpletely equivalent
conditions. For example, part of the attenustion effect of
the mnuffler with the side branch resonator may have come
from the increased overall volume of the system. Figure
6.4 1s the {llustration of the size effect of the first
cavity under equivalent conditions. Curve A is the current
prototype design which is shown in Figure 6.1-A, for which

3
V, (suction head) {s 0.1731 in  and V2 (suction muffler) is

1
0.9764 1n3. Curve B and C are the volume flow transfer
functions of the systems when Vl is increased to 50 % and
70 % of the total volume which is kept as the same volume
of 1.1495 1n3. The results show that the first <cavity

should be kept as large as possible even at the cost of the

muffler volume.

Is this true for the side branch also? Figure 6.5 1is
the cowmparison of transfer functions of the etandard
suffler and the muffler with the side branch at the same
total volume condition. It shows that the side branch has a

beneficial effect for its designed band frequency even with
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the constant total volume constraint. Therefore, it can be
concluded that the side branch is wuseful 1if most
objectionable peaks in the measured noise s@gpectrum are
closely located within a relatively narrow frequency band.
Figure 6.6 and Figure 6.7 show the simulated volume flows
at the guction muffler exit and at the suction line outlet
of the shell cavity, each of which 1induces the driving
forces of pressure pulsations inside of the shell cavity
and vibrations of the evaporator line of the refrigeration
system., For these <calculations, the computer simulation
progras which was developed in this research was used with
the annular cylindrical acoustic <cavity mwmodel which
idealizeg the shell cavity. The effect of the side branch

is well observed around the center frequency of 440 Hz.

6.1.3 Design of the Suction Gas Return Systems

The suction gas pulsation inside of the shell cavity
is one of the major noise sources of the hermetic
compressors. Based on the studies in chapter 4 and chapter
5, two special designs of the suction gas return system
were selected for the purpose of reduction of pressure
pulsations in the shell cavity. They were namsed as the
"wave cancellation design" (Figure 6.1-C) and the '"mode
elimination design"( Figure 6.1-D). Figure 6.1-E {s also a
special suction return design originally euggested by
Roys[7), which uses the shell cavity as a side branch

volume and lets the suction gas return directly <to the
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suction muffler from the suction 1line. This design was

named "unconventional muffler”.

Three designs are compared in terms of volume flows at
the anecholic line in Figure 6.8. Because the
unconventional wuffler is designed for the suction port to
connect directly to the anechoic line, it has the highest
pulsation flow level which {8 even heigher than the
standard case shown in Figure 6.7. Significant reductions
in the volume flow level is observed in the frequency range

up to 800 Hz for the wave cancellation design and the mode

elimination design.

Figure 6.9 48 the narrow band spectrum of the shell

) o 3h
cavity pressure at a point g = ( 0.07 m, O , ',.—) for the

compressors with the standard muffler and with the @eide
branch muffler. Figure 6.10 is the one third octave band
diagram of the Figure 6.9. The s8ide branch effect is

observed to reduce the pressure level in the 250 Hz and 800

Hz range visibly.

Narrow band diagrams of the shell cavity pressure at
the sgsame point as Figure 6.9 and Figure 6.10 are showuwn for
the three special suction gas return eystems in Figure
6.11. By comparing Figure 6.11 with Figure 6.9, it can be
shown that the mode &elimination design and the wave
cancellacion desiygn have beneficial effects {in the

frequency range of 300 Hz to 700 Hz. The one third octave
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band diagrams of the Figure 6.11 are shown in Figure 6.12.
The third octave band diagrams of the wave cancellation
design and the wmode cancellation design show lower pressure
levels by 10 to 20 dB at 400 Hz and 500 Hz bands compared

with the suction system with side branch muffler.

6.1.4 Summary and Recommendations

For the study in this section, effects of the designs
on thermodynamic efficiencies were not considered. Because
the acoustic jmpedance of the shell cavity {s very small
compared to the impedances of the suction head or suction
muffler, no wmajor efficiency change (s expected by
introducing an additional impedance of the special design.
However, the rise of the suction gas temperature during the
suction gas return process will affect the thermodynanmic
efficiency[50,51]}. The mwmode elimination design would
probably cause a temperature rise and therefore loss of
efficiency, because it uses the suction inlet and outlet
which are 90 degrees separated from each other. 1In this
regard, the wave cancellation design appears to be a better
solution. One potential problem of this method is that the
performance will be relatively sensitive to the operating
temperature change, because it is effective in relatively
narrow bands as shown in Figure 5.8. The effective
frequency band will be changing as the temperature change

varies the speed of sound.
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The following practical recommendations <c¢an be made

based on the results of this section.

l. The suction head volume should be designed as large

as possible.

2. A side branch resonator «can effectively eliminate
some prominent noigse peaks {if it is designed

properly.

3. To control the shell cavity pressure pulsations, the

wave cancellation type design is considered to be the

best method.

6.2 Design Parameter Study for Efficiency Improvement

To obtain some insight in the effect of major design
changes on coampressor performance, several variations of

important design éarameters were investigated. Selected

design parameters were,
1. Stiffness of the suction and discharge valves
2. Size of the suction and discharge valve ports
3. Discharge valve stop height
4. Size of the suction and discharge cavities
5. Volume of the suction muffler

Explorations were wmade on the basis of single
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parameter variation, which means only one parameter was
changed from the original design. Large variations were
taken intentionally to see <corresponding effects more
clearly. Table 6.1 {is the summary of the parameter study.
Figure 6.13 gives an overview for all the eleven cases that
are presented. Figure 6.13-(A) shows the required work per
unit c¢circulation wmass of refrigerant for each trial case.
Thermodynamic efficiencies which are 4integrated from the
P-V diagram cannot be directly compared with each other
because mass flow per cycle is different for each case.
Therefore, the curve in Figure 6.13-(A) shows the sgpecific

work of the system.

Figure 6.13-(B) shows the volumetric efficiencies for
each test case. Based on Pigure 6.13, the adjustment of
valve port area is considered the mwmost effective way to
improve the thermodynamic efficiency ,although wmore
comprehensive investigation will be necessary at the design

change stage.

6.2.1 Variation of the Valve Stiffness

As it is expected, the valve stiffness change had
effects both on the pressures and the valve motions.
However, a significant decrease of the volumetric
efficiencies with {ncrease of stiffness was observed as

shown in Figure 6.13.
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Generally, it is known that the stiffer valve makes
the valve <close more quickly, which prevents undesirable
back flows of the refrigerant gas. It is thought that the
increased flow regsistance negates this advantage in this
case. It 18 interesting also that a suction valve
stiffness change has a @much stronger effect than a

discharge valve stiffness change.

6.2.2 Variation of the Valve Port Size

This parameter had the strongest beneficisl effect on
the thermodynamic performance. Figure 6.14 and Figure 6.15
show effects of this parsameter on the pressures. Figure
6.13 shows that incresasing the valve port area improves the

efficiency substantially.

However, it is reported in the literature that port
area too large <can <create valve fluttering and noise
problems(11]}. Therefore, prior to the actual design
change, effects on the volume flow spectrum and valve

motions should be exswmined more closely.

6.2.3 Variation of Cavity Size

Calculations were made by changing suction and
discharge <cavity esizes to 200 X and 50X of cthe original
size. There was no significant change {n the <cylinder
pressure or efficiency as {t was expected. Primarily, this

variation caused an awplitude <change of <the pulsating
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pressures. Therefore, this effect 18 thought ¢to be a

potentially important factor only in noise reduction.

6.2.4 Effect of the Suction Muffler Volume

As it <can be expected, the wmuffler volume had
virtually no effect on the performance and the mass flow
rates. The main effect was on the volume flow spectrum at
the suction auffler exit, which is the main excitation of
the shell cavity resonance. The flow spectra at nwnuffler

exit showed 1lower amplitude levcls due to the incressed

volume of the suction muffler.
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CHAPTER 7 - CONCLUSIONS

7.1 Summary

A computer simulation model of a hermetic,
reciprocating compressor has been developed. The
simulation program not only <calculates basic <compressor
performances such as thermodynamic efficiencies, losses,
and gas pulsations in suction and discharge gas paths but
also the pressure pulsations {n the compressor sghell
cavity. Special techniques were developed for the analysis
of complex acoustic systeams utilizing four pole concepts.
Especially, the three dimensional annular shaped shell
cavity was Included 1in the acoustic model of the suction
system for the first time in compressor research. For the

stable convergence of the program, a modified integration

scheme was introduced.

Fundamental measurements of <the pressures, valve
aotions and temperatures were done to support the
development of ctheoretical models. The main objective of
the &experimental work was to obtain necessary information
for theoretical formulations. Pressure volume diagrams are
the most important of all measurements from a practical

viewpoint. The <cylinder pressure and gas pulsacion
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pressures at the suction and discharge cavity were also
measured. A new technique to construct the pressure volume

diagram was suggested and possible errors of the procedure

were estimated.

A general method to formulate four pole parameters of

three dimensional acoustic cavities was established in
chapter 4. Four pole parameters of an acoustic system were
formulated from pressure response solutions of the system.
An annular cylindrical compressor shell cavity was taken as
an application example. The pressure response of the

cavity was formulated using the eigenfunction expansion
waethod. Acoustic characteristics of the annular cavity were

studied in termg of the volume flow transfer function and

excited pressures.

In chapter 5, the theory was further Jgeneralized for
wore complex acoustic systems which have mulctiply connected
three dimensional <continuous parameter cavities. The
acoustic properties of the annular «cylindrical cavity
doubly connected to a small lumped parameter volume were
investigated as an application example. The developed
theory was applied to some novel designs of suction gas

return systems.

In chapter 6, design improvements were explored. At
first, various suction return systems and suction muffler

designs were compared with each other. Especially the
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application of the s8ide branch resonator and special
designs of suction return systems were 1investigated 1in
depth. Also, important design parameters for the
thermodynamic performances of the compressor were
identifi{ed and their 1influence on the efficiency of the

compressor was studied.

7.2 Achieveuents

Major contributions of this research to the state of

art are believed to be the following

1. Development of new wmodeling techniques for the
compressor simulation, especially the extension of
acoustic modeling capability to the three dimensional
cavity and the modified iteration scheme for better

convergence of the {integration ;

2. Development of a new experimental technique for the
construction of P~V diagrams and quanticative
estimation of possible experimental errors {nvolved

in the process ;

3. Generalization of the advanced gas pulsation analysis
techniques, especially the development of a new
technique to formulate four pole parameters for

general three dimensional cavities ;

4. Development of a general analysis wmethod of an

acoustic system composed of wultiply connected
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continuous parameter elements ;

Study of gas pulsations and their passive control in

the shell cavity of a hermetic compressor.

Further Research Potential

The following are some areas which can be or need to

be extended beyond the present study.

1‘

The shell <cavity model that was uged as an
application example needs to be refined. A more
realistic shell cavity model which deviates from the

annular cylindrical geometry needs to be developed.

The structural {interactions needs to be studied.

Simulation of the shell vibrations due to pressure

pulsation excitation {8 needed ¢to provide better

understanding of shell vibration behaviors. A sound

radiation model is also feasible.

The optimal design theory can be applied to gas path

design.

The computer simulation model needs ¢to be further
refined. There could be many possible direcrions. One
of them is to combine the mathematical model based on

the thermodynamics first law with <the polytropic

process based model to utilize the advantages of both

methods.
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