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SUMMARY

This thesis describes experimental and theoretical
investigations into o0il stiction effects in automatlic compressor
valves.

The experimental progremme involved the testing of disc
valves 1n a compressor in which the working fluid could be varied
and the oil circulation controlled. The main purpose of the
experiment was to measure, in as direct a manner as possible, the
time lag in valve opening duc to the presence of oil between the
valve disc and its seat. The design of the apparatus also allowed
the pressure difference across the valve, required to open it, to be
measured. These tests were carried out under various conditions of
back pressure and rate of change of pressure.

The experimental programme also involved the nmeasurement
of the stiction force {;.a.test rig in which the parameters of seat
ceometry, oil viscosity, and rate of application of 1ift on the
valve disc could be controlled. The stages invelved in the rupture
of the oil film are described and coefficients obtained from the
analysis of these test results are utilised in conputer programs
which simulate the sticlion process in a working compressor,

The theoretical model, for the simulation of the phenomena
during the initial opening phase of the valve, is based on the
Navier~Stokes Equations using thin film approximations. The
thcoretical model 1is pfogrammed for usc in'a digital computer.
Subroutines in the programs take acecount of surface teusion and

cavitation in the oil film,

The model is not completely analytical. As stated above,

it/



Vi,
it utilises a number of experimentally determined coefficients,
modified to suit conditions in a working compressor.

Both the cffect of rate of change of pressure across the
valve and flexure of the valve are shown by the mathematical model

to be significant. Trends indicated by wvariation of these

parameters and others, such as seat gcometry and oil viscosity, are

mirrored by experimental results.



CHAPTER 1

~ GENERAL INTRODUCTION

AND REVIEW OF PREVIOUS WORK ON OIL STICTION
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2.
1.1 0il Stiction
In the past decade, the increased use of the digital
computer has accelerated the amount of research being carried out on
the simulation and design of automatic reciprocating compressors.

*

As theoretical models of compressors have been gradually improved

and corrected, some discrepancies have been found between theoretical

predictions and experimental results. Many of the unknown
coefficients have either been estimated or ignored as being not
important. IHowever, it has become apparent that the more
coefficients that are known, the better can be the prediction of the
compressor performance.

One particular discrepancy that has been observed for some
time concerns the times at which the valves open and close. Itfha;
been deduced that this discrepancy or "time lag", in practice, is
due to 0il being trappig'between the valve reed and its seat or stop
and so causes a sticking effect, thus delaying the opening of the

valve. This o1l 1s necessary in reciprocating compressors for

lubrication purposes and some of it becomes entrained with the

e Y

p———

compressed gas and tends to be deposited on the valve scat.

It has been surmised in the past that this sticking effect
is due to the viscous action of any entrained oil between the valve
reed and its seat, and has gradually become known through (mis)usage
as oil stiction. |

This project was initiated at the behest of Danfoss A/S,
compressor manufacturers of Nbrdﬂorg, Denmérk. They were concerned
about the inability of their compressor simulation programs to give
adequate comparison with experimental results during the opening

phases of their compressor valves. They hoped that if a proper

analysis/
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analysis was made of the processes involved, and a better

understanding obtained, a subroutine could perhaps be implemented

in thelr programs to take account of stiction.

1.2 Aims of the Investigration

An investigation has been.madé of the phenomenon which 1is
known 1n reciprocating compressor design as oil stiction. The
project set out toﬂdevelop a mathematical model which would predict

the stiction force in the equation-of motion of the valve., An

experimental programme was also initiated which, it was hoped, would

corroborate the results predicted by the theoretical model.

The two programmes were carried out simultaneously. This
meant that the experimental programme was influenced by trends

observed in the theoretical predictions and also that results

obtained experimentally were incorporated in the mathematical model.
«*

Because of this, it has sometimes been necessary to cross-

reference sections. This practice, however, has heen kept to a
minirrm,

The theorywhich“ﬁas developed is suitable for either.
suction or discharge valves. Ilowever, to avoid duplication and

clumsiness, all valves referred to will be discharge valves unless

otherwise stated.

1.7 Previous Work

Although more intensive rescarch has been carried out into

the operation of the valves than into any other part or function of

a reCiPrOCating conpressor, Very little in‘restigation has been done

on the effect of oil stiction on the valves.

As/
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As long ago as 1955, Lorentzen (13) remarked that, in some
cases, thc adherence of the valve plate to its seat had a marked
influence. Again, in 1903, Lorentzen (1&) made mention of the fact
that even at slow nominal speeds there was some effect of o0il making
the valve plate stick to its seat, thus giving a pressure peak at
opening.

Later, in 1965, Czaplinski (6 ) in a review of work done
in valve dynamics ‘observed that, for optimum values, the valve

should open and shut without bounce and without sticking to the seat

or guard.

However, 1t appears that nobody attempted to measure the
sticking force in even a simple manner, although most investigators
we;e awvare of its existence and had an idea, perhaps, of its cffect.

MacLaren and Kerr (15) suggested that it might be possible
to determine a coefficzfnt experimentally with the valve assembly
outside the compressor, or deduce it iy comparison between the
predicted results and accurate experimental resu1£s. They followed
up this theme ( 16 ) by concluding that discrepancies between
cxpefimﬁntal and theoretical results at the opening of the valve
were, after checking other possibilities, attributable to the
sticking of the valve to its seat. However, they apparently found
this sticking effect to be intermittent and unable, therefore, to be
readily accounted for in an analysis,

Wambsganss (21) did go a step further towards the
apprcciation of the Phenomenon. Ile sugge;ted that a delay 1in
opening of the valve could arise due to the cohesive forces in the
0oil present between the valve seat and the valve reed in its closcd

position. This sticking force would have to be overcome by the

increased/
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increased pressure drop across the valve before it could open. Like
MacLaren and Kerr, he also thought that the effect could be

investigated through a comparison of theoretical and experimental
results using various values for the sticking force, since "a

theoretical treatment would be quite involved",

In 1967, Najork (19) attempted to take account of the
effect of oil between the valve and its seaf by using a "stiction
number”". This stiction number was deduced experimentally from the

pressure differential at the instant of opening and the parameters

of the valve. Although he had, at the time, very little

experimental data on which to base his number, this appears to have
been the first attempt to take account of the stiction force holding
the valve onto its seat.

Brown and Lough (4 ) showed the time lag,exhibited by
valve discs sitting on flat seats when subjected to a sudden change
 of préssure across the valve, The response was comparecd with that
of a quartz piezo-electric pressure transducer. FEven although the
time lags were very small, they thought that, if the work was -
extended to include rates of pressure rise across the valve of the
sane order as those encountered in the field, the technique could be
used to investigate,in a more comprehensive manner, the behaviour of
antomatic valves in a dynamic situation. Using this method, the

parameters could be controlled more effectively than in a working

compressor. (It was this technique*whicﬁ interested Danfcss.A/S

and hence prcmpted the present investigation).

In 1974, Giacomelli and Giorgetti (7 ) undertook an

experimental investigation into o0il stiction in ring valves. They

based their tests on the‘ Stop rather than on the valve seat S1nce,

in/
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1n their case, they considered the time lag in closing was of nore
importance than the time lag in opening. Their apparatus was a
simple gravity pull arrangement. A pneumatic device held a
simulated valve plate against a stop end the measurement taken was
the time lag between the support being removed and the simulated
valve_ring leaving the stop. The valve plate took longer to fall
because it had first of all to overcome the o0il force between itself
and the stop. Different'weights could be attached to the valve
plate to compare the time lag under various forces. They then
concluded that the oil stiction time lag was the same immaterial of
the compressor speed, since there was no rate of pressure change
across the stop unlike the'seat.‘ Recommendations to overcome the
time lag included: the reduction of the oil quantity to a bare
minimum; the increase of the spring force to return the valve to
its seat; and the dri{}ing of small holes in the stop to reduce the
surface area.

Brown et al (53) published a paper which attempted to show
theoretically the processes involved in the o0il stiction of valves.
An experinmental programme was also carried out in which figures for
the time lag and oil force were obtained under normal working

conditions in a compressor. These results corroborated trends

. predicted by the theoretical model
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2.1 Initial Annroaah

The first mathematical model considered was a rigid, {lat,
civrcular disc separated by a thin film from a flat valve seat as

shown in Fig. 2.1.1.

valve disc oIl film'

- plenum| chamber
/777 IIIIIIIII IIIIIIIIIIIIE

‘Iﬂlt.

IR N

\ .compressor l cylinder

DIAGRAMMATIC REPRESENTATION OF VALVE

FIG. 2.1.1

The stiction force was assumed to be due to the wviscous

gy,

flow of the thin o0il film betwecen the valve disc and its seat.
The initial assunptions made were:

1) The o0il film remained continuous.

2) No slip took place at the metal-oil interface.

3) The viscosity r;zmained constant.

The valve considered was a discharge valve. The pressure
underneath was, therefore, the varying cylinder pressure and the
pressure above was the steady plenum chamber pressure. It was
only the steady plenum chamber pressure that held the disc on 1its

scat/ |
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scat when there was a smaller pressure in the cylinder. No
retaining spring force was considerced.
Yhen the pressure in the cylinder exceeded the balance

pressure, the valve was prevented frow moving by the stiction force

il B TERN ., L,

S S S ap— —— —— rar—y — — p—

of the oil. The stiction force was assumed to be the tension in

~the oil, which in turn was caused by the pressure difference across

e e ——

the valve.

As the ﬁressure difference écross the %alve increased, the
tensile force in the oil increased and oil flowed radially. The
pressure p?ofile vas computed and is of the form shown below in
Fig. 2.1.2. This meant that the oil flowed radially inwards from

- —— L——

both the insids and outside edges of the.valve seat.

cylinder
pressure

innher outer
radius radius

PRESSURE DISTRIBUTION IN OIL FiLM ACROSS VALVE SEAT .

FIG 2.1.2

When the oil began to flow radially, the diSC'WaSm9110WEd
to move axially -~ this, in turn, caused an increased radial flow of
the oil film. The film was considered to be ruptured when the

inner/'
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inner radius of the o0il [ilm became eqial ta the outer radius.

2.2 Construction of the Mathematical Model
Because the oil film belween the two surfaces was very
thin, thin film approximations werc made to the Navier-Stokes

Equations wvhich were then written in the form

2

.(}R — ® --_.-d il o __I)—(l — o -(lB ——
dr M 2 ? 48 0 3 dz 0
dZz
d 0 dw |
Erg + 7 + 7 = 0 where u = radial velocity

W = axial velocity

These equations were used by Hays and Feiten (12) vhen
they developed a matheratical expression to predict the growth of
cavitation bubbles in thin films. Their experimental .technique was
to pull two circular, optically flat discs apart when there was a
thin film of o1l between them., They could then observe, throﬁgh
the optical flat, the growth of the cavitation bubbles. The. above
equations were developed to determine the wvalue of the oil pressure
at any radius of the o1l film.

Their theoretical model was similar to the one described
in the previous section, 5ut'was somewhat simpler due to the fact
that it had only one free boundary. The presence of a hole in the
bottom disc complicates the process considerably. It was found to
be unfeasible to construct a complete mathemétical model for the
case where two free boundaries occurred. .The above expressions
'were,'therefore, applied as finite difference equations, the

technique for which is described in Appendix B, It will be shown

later that this approach allowed the model to be more flexible and

allowance/
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allowance could be made for varying oil film thickness caused by
non-{latness of the seat aud valve reed distortion,

Using only the alorementicned eguations and assumnptions,
it was possible to formmlate a simple cowpubter pregram which gave a
crude approximation to the stiction process. This simple program
unfortunately indicated tiwe lags which were far greater than thosc
obtained in practice and it became apparent that some other factors
would have to be igcorporated.

Because this crude model predicted large negative pressures
in the oil fi1lm, the effect of cavitation in the oil film.had*to be
investigated and it was partly for this rcason that the force pull-

off apparatus, described in Chapter 4, vas designed.

2e¢73 Determination of 0il Film Thickness

When the pro%famxwas run, it was found that one of the
unlknown parameters, the oil thickness,'had a large bearing on the
computed time lag obtained. Fig. 2.3.1 shows this dependance.
By increasing the film thickness, the time for the film to rupture
was c;nsiderably decreased. The times obtained were very much
longer than the times measured in practice but the results did
indicate the necessity of knowing the film thickness. The reasons

for the excess time lag (errors of the order of 100 timcs) will be

explained later in section 2.8,

It was not possible to measure experimentally the 0il film
thickness as no displacement transducer cgdld detect the difference
between a valve disc sitting on a dry seat and a disc sitting on an
0ily seat. An attempt was made to calculate the thickness by

determining the minimum thickness that the surface tension at the

oil/gas/
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FIG 2.3.7
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0il/gas interface could withstand.

This method is explained in Apﬁendix B.6.1.

It did give an idea of approximately what the oil film
thickness would be, but eventually this method was superseded
becausc of reed flexibility

It was unrealistic to assume that the valve disc' was so
‘rigid that it wdul@;not defléct into the pdrt duc to the pressure
difference across the disc in its closed position. It was morc
reasonable to assume that the valve disc would deflect in proportion

to the pressure difference across it and would actually be touching

the seat on its inside edge as shown in Fig. 2.3.2.

{
plenum chamber
- pressure

|
P2

7] 7

- P1
cylinder
pressure

0. 2.3.2

(Aumndifieq.prog?amiwas used to-check that, when closing,
the valve disc did,in fact, touch the inside edege of the scat before
the piston reached bottom dead centre ﬁnd'wasnot supported by a
film of oil at the insi@e edge ).

The/ . L . .. . -
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The resulting wedge shape will be taken up by any available

oi1l. As the pressure difference across'ﬁhe valve recduces, the valve
will tend to 1lift and straighten out simultancously, forcing oil out
at the outer edge. Because of the pressure profile across the valve
seat, the valve will tend to lift before pressure balance is reached.
This is explained in section 2.4, At the balance pressure, the
original wedge shape of 0il will be rectangular in section énd the
0il thickness will be known.

This approach obviated the need to calculate an initial
film thickness. Thke determination of the valve reed slope due to
the pressure difference across it is fairly complex and is explained

in full in Appendix B.6.2.

2.4 Effect of Rate of Change of Pressure

A uniform rate of change of pressure was first assumed for
the opening sequence ogﬁthe'valve. Because the time lag was only a
few milliseconds, the difference between the rate of change of
pressure at the balancejnnd the rate of change of preséure when the
valve'opened was thought to be small. This meant that the pressure
below the valve was simply increased by a fixed amount, each computing
step depending on the time interval chosen. Fig. 2.4.1 shows the
dependence of the time lag on the rate of change of pressure.

This arrangement worked fairly well vhen the valve disc was
considered to be rigid, since therec was no valve motion until after

pressure balance.

When the valve flexibility wag introduced, the mcthod of
assuming uniform pressure change became inadequafe. The reason for
this was that the rate of valve rotation was dependent on the rate

of change of pressure.

Considen/
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pressure (kN/m?s)
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FIG, "2.4.1
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disc
rotation

steady . disc #\

¢
| pressure ~_ -
P2 _ -
S '
7/
T 1 valve seat
Increasing
pressure

la) CHANGE OF VALVE DISC SLOPE WITH
PRESSURE DIFFERENCE

+VEe

OIL FILM PRESSURE

WIDTH OF VALVE SEAT

(b) OIL PRESSURE DISTRIBUTION ACR0OSS SEAT WIDTH

FIG 24,2



Consider Fig. 2.4.2(a).

Because the valve slope 1s dependent-upun the pressure
difference across the valve, the rate of valve rotation is dependent
upon the rate of change of pressure. The faster the valve 1s
rotating, the greater will be the velocity of the oil forced out at
the outer edge. A high rate of oil flow at the outer edge will
require a pressure profile across the valve seat as shown in
Fig. 2.%.2(b). This positive pressure profile will cause the valve
to 1ift before the halance pressure. Thercefore, if the rate of
change of pressure is low, the radial oil velovcity will be low and
hence, the positive pressuré profile will be smaller. The wvalve
will thus not begin to lift until later.

Although the rate of pressure change can be assumed to bea
linear over the opening sequence of the valve after pressure
equalisation, 1t cannog‘be assumed to be linear over the complete
compression curve. A linear approximation is therefore unsuitable
and a true value of the compression curve must be used. The method
employed for determining this is explained in Appendix B.7.

This method had to be used because of the dependence of

the time lag on the pressure at which the valve first began to nove.

2.9 "Gull-Wing" Effect

When the piston is at bottom dead centre, the pressurc
difference across the valve is a maximum and the valve disc is of
the previously described deflected shape., As the pressnre difference
decreases, the valve disc tends to lift and at the same time
straighten out. This gives an effect similar to a flapping notion

and has been referred to during the course of this investigation as

the/
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the "pull-wing" effect. -

This motion was incorporated into the medel and a pressure
profile of the form shown iﬁ'Fig. 2.5.1 was produced immediately

after the disc began to lift.

@
™
W
'
)
)
Ly
Qz
Q.
= 0
=J
L
.
© 1]
-‘i-? WIDTH OF VALVE SEAT !
inner : outer
edge | edge

OIL PRESSURE DISTRIBUTION ACROSS SEAT WIDTH

FIG. 2.5.1

This pressure profile was very interesting. One
observation was the fact that the disc began to 1ift at tbe inner
edge of the seat well before the balance pressure. Another was
that, because of the pressure profile, oil was being forced out at
the outside edge. Most significant, however, was the very large
pressure difference across the 0il film close to the inner edge.
This meant that if.thevalve opening at the inside edge was véry
small - as it would be when the valve just began to move = a "wire
drawing" effect would be produced gas gaS'was sucked past this edge.

_This effect will be discussed nore fully in "Discussion”

2-6/ s
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2.6 Surface Tinish of Valve and Seat

The o0il film betwecen the valve and scat was very thin,

It was therefore greatly influenced by *he surface finishes of the
valve disc and its seat. Because the time lag was found to be
affected by the oil thiclkness, it meant that & bad surface finish
would give an effcctively greater thickness which would result in a
reduced time lag,

A term for surface finish was therefore introduced into
the model. The CLA values of the valve disc and seat were measured
and the mean value taken. Instead of.considering the*valfé disc as
touching the inside edge of the seat atrthe point of maximum
deflection, a small gap equal to this mean value of surface finish

was assumed to separate them.

This 1dea can perhaps be better appreciated if the surface

finishes are considered to be of a saw-tcoth form as showr in

<
Fig. 2.6.1.

§ “
o valve disc g
O 5 O
HAATA A AT A - 65
= = - - s
<l \ ./ S
o 0

~ O valve secqt

O ®

DIAGRAMMATIC INTERPRETATION
OF EFFECTIVE FILM THICKNESS

FIG. 2.6.1 '

Admittedly/
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Admittedly this method is not ideal as it is not possible

to know just how the peaks will interlink. The gap at the edge
could conceivably be the sum of the two peak-to-trough distances or

else the difference of the two. The mean, however, will give an

approximation to the true value.

247 Effect of Surface Tension

It was felt that because of the extreme thinness of the
0il film, the effect of surface tension would be appreciable.
?Massey'(17) rentions that the forceé due to surface tension become
comparable with other forces when solid boundaries of a liquid surface
are close together. Tests on CLAVUS 27 (see Appendix C.1) showed that
the direct force, due to surface tension, holding the disc on its
seat was negligible when compared with the tétal stiction force

measured in either the compressor apparatus or direct force-pull
E

apparatus.

The surface tension is important, however, at the inside
edge where the film thickness is egqual to the mean value of the
surface finishes and so 18 very small. The surface tension
initially prevents the flow of 0il at the inner edge and this will

be shown later to lead to greater tensions being generated in the

film-

2,8 Cavitation of 0il

Theoretically, a liquid will cavitate when the pressure 1s
reduced below its vapour pressure. The cavitation phenomenon is
well known and 1s thought by many workers (2,8 ,23) to be due to

the growth of microscopic bubble nuclei, which are widely supposed

to/ .
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to exist in all liquids. If liquids did not cavitate, very large
tensions would be generated in them before they ruptured. In fact,
under certain conditions, hydrostatic tensions of about 300 bar have
been measured (1 ). This, however, does not occur under normal
conditions.

In practice, all organic liquids dissolve air and other
gases and these are released when the liquid.pressure drops below
ambient. IIayward' et al (9,10, 11) have done extensive work to find
the amount of gas dissolved in these liquids. The pressure at
vhich these gases are evolved is much higher than the vapour pressure
of the liquid and the gas evolution prevents the generation of all
but the most modest of tensions.

As shown in Fig. 2.1.2, large negative pressures were seen
to be generated in the 0il film when the simple model was run on the
computer. These negagive pressures werce generated in order to achieve
a force balance caused by the pressure differential across the valve.
It became apparent that the effect of gas evolution would have to be
incorporated into the model, as it was unrealistic to allow such large
tensions to he developed, which result in increased time lags.

This gas evoluticn helped to explain why the time lags
shown in Fig. 2.3.1 werc so large. The program was wnable to
consider the effoct of gas evolution and its conscquent destruction of

the filnm.

2.8.1 Fvolution Constant

The rate at which dissolved gas is evolved from a liquid

is a complicated process dependent on a number of factors, €.g.
surface tension, viscosity, percentage of dissolved gas in solution,

rate of change of pressure, as/
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as well as the absolute pressure of the liquid. This process is
difficult to approach analytically, and is of morc concern to the
physical scientist rather than to the engineer. Some method had,
therefore, to be devised to account of the fact that this evolution
of gas broke up the oil film and accelerated the rate at which the
valve left its seat.

Young and Fannin (24) investigated the vapour evolution
rates from.oil-ref}igerant mixtures following expansion through a
nozzle., - Previously, no experimental work appeared to have been
published on the rate of refrigerant evolution following a rapid
reduction in pressure. Although their results were difficult to
incorporate into the present project, they did show the large
evolution rates possible over just a few milliseconds.

The*ﬁalués of evolution rate for this particular project
were, therefore, basedﬂPn experimental observations as will be
explained more fully in Chapter 4., The problem was overcome by
introducing a term which accounted for the increased rate at which
the valve reed left its seat due to the increased volume of the film
resulting from the evolved gas,

The evolution constant takes no account of whether the gas
is initially dissolved in the o0il, as in the case of an oil-refrigerant
mixture, or sccreted in microscopic or submicroscopic interstices of
the valve reed or valve seat surfaces. The criterion was that the

method employed simulated fairly accurately the results obtained in

practice.

2.8.2 Time’Delay Constant

When the valve disc is forced from its seat with a high

velocity/
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velocity, large fensions can be generated in the o1l film before it
ruptures., These large tensions produce negative pressures in the
film much greater than the pressure at which gas is evolved. This,
however, can be cxplained by the fact that the evolution of gas does
not occur instantaneously but is time dependent, due to the fact that
the submicroscopic bubbles referred to in the previous section take

a certain time to reach a critical dimension after the pressure 1in
the liquid is reduced. A "time delay constant" was, therefore,

introduced into the computer program to delay the initiation of gas

evolution.

Like the cvolution constant, the time delay constant was

deduced from experimental observations which are explained in detail

in Chapter 4.



CHAPTER 5

COMPRESSOR TEST APPARATUS
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3.1 Introduction

In order to conduct experiments in a manner as near to
normal working conditions as possible, a comprechensive series of
tests was carried out on a modified compressor. The principle of

operation depends on the stiction-free performance of a gravity
controlled valve disc being taken as a standard, against which the
performance of a test valve disc can be compared.

Balanced-disc transducers, based on the "Farnborough'"
engine indicator, have been used for some time by Lorentzen and
others in refrigerating compressor research. Lough and Brown
noticed inaccuracies in these transducers when they were developing
them for their own research programme. Diffcrences were observed
between the outputs of these transducers and the output of a Quartz
Crystal transducer when recording pressure-crank angle diagrams from
a reciprocating coimpressor. These differences w%re not obvious

>
wvhen the machine was first started up, but became apparent after a
few minutes. The errors were also more noticeable if the width of
the seats in the balanced-disc trarsducer were particularly wide
compafed to the port size.. When the balanced-disc transducer was
dismantled, a thin film of o0il was found to have gathered on the
transducer seat. Brown and Lough deduced that this film of oil
caused the balanced-disc to adhere to its seat.

If the seat width was made very narrow, with respect to
the port size, any smali errors were eliminated, For fhis reason,
in the tests associated*wiéh the compress0£ apparatus, a transducer

with vervy narrow seats was used as a standard against which the

performance of a test valve disc could be compared.

3.2/
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3.2 Princinle of flpcration

The balanced disc transducer consisted of a lightweight

disc which could "float" between two scats as shown diagrammatically

in Fig. 3.2.1.

BACK PRESSURE

. M
CYLINDER PRESSURE

v

 FIG. 3.2.1

The pressure on top of the disc was held steady. Tue
disc could only move to the top seat when the pressure underneath
equaled, and then exceeded, the pressure above, Similarly, thc disg
could only rove back to the bottom seat when the pressure below fell
to the level of the constant pressure above. Bocause of the small
mass of tLe disc, gravitational load was negligible, as also was the

inertie at the instant of opening (see Appendix C.2 and C.3).
8 .
[f this balanced-disc transducer was placed in the hcad of
a reciPTOCﬂiing compressor and the underside of the disc exposed to

the fluctuating cylinder pressure, the disc would move up and down

once every cycle.

When/ Ra
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When oil was present on the seat, the disc would not move
at the balance pressure. The pressure had to increase past the
balance point to overcome the cohesive action of the 0il between the
disc and its seat. Because a finite time had to elapse to allow
the pressure below the disc to increasc, the disc exhibited a finite
time lag in its motion after the balance pressure had been reached.
This time lag was measured by comparing the'response of a test disc
sitting on a seat of a known profile with the response of a disc
sitting on a sharp-edged seat, which Lough and Brown had previously

shown to exhibit negligible time lag.

3.3 Compressor Modification

The compressor head was modified by boring two holes in
the valve plate as shown in Fig. 3.3.1. In these holes were placed
the two balanced-disc Eransducers. The complete assembly of one of
the transducers in the modified head is shown in Fig. 3.3.2. Apart

from the modification to the valve plate, a completely new head had

to be made to accommodate the two protruding displacement probes.

3.3.1 Balanced Disc Transducer (Seats and Disc)

A detailed view of one set of seats is shown in Fig. 3.3.3.
The balanced disc transducer consisted basically of a thin disc
lying between two seats. The two seats were held in position by
the body of the tramsducer,

'The disc moved up and down bhetween the lower "stiction"
seat and the upper retaining seat, depending on the pressure in the
compressor cylinder.

°
The two seats were made of brass. The lower one could be

made/
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made of any desired port size and width of seat. As can be seen,
the surface of the scat is made flush with the outside wall. This
allowed the surface to be lapped to a good surface finish.

The valve seat could be made to any required outside and
inside diameters and a complete list of all seat profiles is also
given in Fig. 3.3.3. The purpose of making the test seats to the
dimensions shown was to separate, if possible, the effects of
surface tension aﬁd surface area.

Seats numbered 1 — 4 had the sum of the circumferences of

the inside and outside diameters the same., The reasoning behind
this was to eliminate any possible direct surface tension force at
the liquid/gas interface due to the extreme thinness of the film.
This force was found later to be negligible compared with the other
forces involved (seeiAppendix C.1); Seats numbered 5 - 8 had the
same seat surface area. This was a first approach to invesfigate

L

the cavitation/evolution phenomenon. It was thought that if gas

was evolved at a particular pressure, then this pressure would

spread and be the same over the whole area of seat. The force
holding the disc on its seat (pressure x area) would, therefore, be
the samc for each seat. Although the initial philosophy was found
to be slightly naive, or perhaps misplaced, the end result of having
eight seats of known profiles enabled a more <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>