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ABSTRACT

This investigation was carried out to determine the relative
importance of the factors affecting volumetric efficiency during
the transition from "dry" to "wet" compression when the refriger-
ant 1s Freon 12 and the compressor is running at a high speed,

Ixperimental techniques were developed to measure piston
leakage and fluctuating cylinder wall tenperatures.

The development of an electrieal analogue-and a rotating-
drum photoformer is described.

This analogue was used to caleculate the cyclical heat flow
between the cylinder wall and the charge. In addition the
performance of non-uniform ladder networks was investigated and
the analogue was adapted for various other calculations. These
were,

(a) To determine the suitability of thermocouple elements with
diggimilar thermal propertles 1o the body whose temperature
is being measured. '

(b) To debtermine the effect of irregularities at the thermo-
couple junetion. This took the form of a small "fin" or
"lips" on the thermocouple wire, represented by a 2~dimen-
gional network. The investigation showed that when
measuring fluctu&t}ng temperatures, large srrors could be
caused by such a "lip" indicating the unsuitability of
peening for such purposes.

(¢) To investigate the heat transfer between droplets of ligquid
and an environment of its own vapour when undergoing
compregsion and re~expansion,. The effect on volumetric
efficiency of the retention of liquid in the cylinder is
calculated,

It is concluded that the most important process involved is
cyclical heat transfer due to alternate condensation and re-
evaporation/




re-evaporation when the cylinder wall temperature falls below
the maximum saturation teumperature of the vapour. It is shown
that “"flashing" of entrained liquid has little effect on perfor-
mance, but that evaporation of this entrainment from the cylinder
wall could cause rapid lowering of the cylinder wall temperature.

It is also concluded that liquid deposited on the cylinder
walls reduces the rate of condensation on the walls and subse-
quent re-evaporation,

Piston leakage 1s shown to have little effect on the
performance of the compressor during the change from "wet" to
"dry" compression,
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REVIEW

Woxrk on the cylinder processes involved in a refrigeration
compressor was put on a scientific basis by Wirth ( S5 ) who
carried out & geries of tests on an ammonia plant with a view to
determining the effeet of eylinder wall temperature on the
compressor performances As a result.of these researches, he
concluded that the drop in volumetric efficiency as the suction
superheat was reduced was due to condensation on the eylinder walls
during delivery and re-expansion during suctions

Such condensation could occur when the temperature of the
eylinder walls or piston crown fell below the saburation vapour
temperature at any point of the g¢ycles

Unfortunately, these experiments did not extend into the
wet suction field.

The schematic diagram of fig. I is based on Wirth's
curves and ghows the cylinder processes during one eycle;

The curves shown are gas and wall temperatures, exposed surface
area and gas btemperature and exposed surface area x wall btempera-
ture. Heat transfer is caused hy the difference between wall

and gas temperatures and it will be seen that heat will be given
by the gns to ‘the wall during the latter part of the compression
delivery and the beglimning of we-expansion.

During the remainder of re-expansion and suction, heat is
given up to the gas. The amounts of the heat exchange are
proportional to the ordinate between curves (3) and (4). ‘“This
assumes a constant coefficlent of heat transfer.

The next experimental investigation was by Samith ( El?ﬁ )
who devised a ligquid flow-meter to measure the mass flow of
refrigerant in the eircult. The compressor was a gingle oylinder
unit 4" bore x 6" stroke using ammonia as refrigerant.

The/



1

The condition at compressor suebtion was vdaried from about
0.5% dry to approximately L0°P. superheat by adjustment of the
temperature of the brine surrounding the evaporator coils.
The flowmeter is shown in fig. 2 and consisted of a cylindrical
chamber in which & heating element was enclosed, with provision
for measuring temperature »ise of the liquid refrigerant by
means of copper constantan thermocouples. Heat barriers were
provided on each gide of the temperature measuring stations to
prevent conduction along the pipes. The entire unit was
thoroughly lagged to.prevent a loss to atmosphere, although the
gub~pooled liguid was at a tenperature very close to ambient.
The check between evaporator mass flow and liguid flow-meter
quentity showed agreement within 1%, The circult diagram of the
apparatus is shown in fig, 3 .

The results of this work are shown in the curves of fig. @
which shows refrigerating effect and coefficients of performance
on @ baaia of dryiness fraction, The dryness fragtion is

derived from the expression - h ln
1& = X N4
hq «-\mf
where fn, = enthalpy af noint under

conelderations

‘\. = enthaloy at gsaturation
3 temperature,

h g % enthalpy of liquid at set-
uration temper&ture.

Thisg term w&a applied even in the superheat flel& to give a
congistent basis on which to plot the results.
These/
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Thege figures show a eonsiderable rise in U.0,P. and R.E,.
between dryness values of 0.82 and 0.95. Nqﬁsuit&ble mechanism
was fitted to the compressor so that indicated values are not
avellable.

~ The reason FTor this substantial rise in efficiency was
given as being due to Liguid droplets entrained in the suetion
vapour being unevaporated, or condensation taking place during
compregaion. Thig "flashed" into vapour during re-expansion
theveby reduelng the volume of wapour drawn in during suction.
Such flashing should be visible on the indicator diagram as a
reduction in the index of re-expansion.

Giffen and Newley ( | ¢ ) carried out an investigation, also
on an amﬁani& machine and varied the dvyness fraction from about
0,75 dry at suction to 409F,85.

The flowmebter used by these investigators followed the
gsane general plan as Suith's, bubt use was made of Beckuan
thermoneters for neasurement of temperature rise. The indiocator
nechanion used by Giffen and Newley was modified from the well~
known "Parnborough™ deaign. Instead of a floating diaphragn
operating the spark assembly, a light diaphragm ¢lamped around
its periphery made or broke contact with a tungstien elecirode
a3 the pressure equalised on each side of the diaphf&gmc The
need for clamping the diaphragm will be evident since leakage of air
or nitrogen into the civeuit must be avoided, The modified
pressure ualt is shown in fig. 5 .

The vise in performance shown by the curves of fig. G
is at a higher dryness froction than determined by Smith.

The reason for this difference is due probably to the fagt

that Smith's figures are besed on the evaporator outlet condition
while Giffen and Newley estimated. the condition at the sucebion
wanlifold.

A rise in actual volumetrie efiiciency of 20% was
accompanied/
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L

accompanied by a rise in indicated volumetrilec efficiency of
only 5% go that it was assumed that flashing during re-expansion
did not in Lact account for the entire phenonenon.

The conclusions reached indicated that the reduection in
the aspirated volume was caused by re~9Va@cwatien during suction
of ligquid condensed on the walls of the eylinder during compression,

This im in agreement with Wirth's findings.

In @ paper by Fuchs, Hofnan snd Plank ( || ) the leakage
losses in an ammonia nmachine were iuvestigated. These tegtse
were carried ouwt using air as -working fluid and obbtaining the
corresponding leakage with amnonie by assuming laminar Tlow.

It i remarked that no clear dependence on pressure ratio
is evident and that leakage 1ls incereased at low running speeds.
Phe level of oil in the crankease was shown to affect results by
15%s

W.B. Gosney ( |4 ) also remarks on the inecrease in leakage
paat the plston and valves in a stationary machine over that
of o machine while running. During this investigation, & shord
series of btesty showed a depression of the index of re-expansion
when the suction vapour was allowed 40 become wot. This
indiestes the presence of egvaporating liquid during the re-
expansion procesas.

The heat transfer in internal combustion engine eylinders
has been considerably investigaied. The most important contribue
tions are those of Bichelberg and Elser ( D 310 ) who used sub-
surface thermocouples, followed by Oguri ( 22 ) who used a
true sgurface thermocouple to measure the heat transfer ©o the pigton
of a four gtroke spark ignition engine. The work of Overbye
et al ( 2D ) is notable for the use of a true surfuce thermoeouple
of she type deﬁeloped by Bendersky and similar to that used in the
present investigation. ,

Overbye discovered that there was considerable difficulty in
determining/
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determining an ingtantaneous heat transfer rate due to an
apparent phase lag between the time when the wall temperature

is equal to the gas temperature in the cylinder and the time
when the temperature gradient or heat flux is zero.. This

he attributes to the heat capaclty of the f£fluid. The condi-
tiong in the dynamic gbtate existing in the eylinder are probably
quite different to those in a steady or a quasi-steady state.
The use of the Nusselt equation for insbtantaneous heat transfer
ig therelfore rather suspect.

In attempting to analyse the process, Overbye considered
two models, one of which assumes a mean heat trausfer coeffi-
cient. Bach ginusoidal. component of the temperature waveform
of the gas produces a surface temperature waveform on the metal,
lagging by about 450 for relatively low values of heat transfer
coefficlient.

Overbye rejects this model as being t00 idealised and a
further model allows for varying heat transfer coefficients and
ineludes with various sinplifications, the effecta of thermal
capacity in the fluid, He arrived at the conclusion that the
temperature fluctuations at the surface of the metal should
be similar to and in phase with the temperature of the gas at
gome dlstance from the surface.
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INTRODUCTION

The problem of the effect of suction condition on the
perfornance of refrigeration compressors is ekin t¢ the "Hisging
Quantity” in steam engine practice. The "WMissing Quantity" was
assuned to be caused by condensation on the cylinder walls during
the first part of the stroke and re-evaporation during the latter
paxrt of the atroke.

Investigntions by Callendar, Nicolson ond Mellanby ( [ )
on slow running steam engines revealed heat transfer coefficlients
of the order of 12,000 BThU/hr.ft.2,F . during the condensation
PLrocesss Such coefficients are generally only attained during
dropwise condensation and the presence of this mode of condensation
in a refrigerating compressor cylinder could ceouse the remarkable
reduction in performance obtained under wet suction operation.

Comparison of theoretical Coefficients of Performance for
ammonia and Freon 12 is interesting in thet deviation from the
reversed Carnot Cycle has less effect on Coefficients of Performance
when uging F.12 than when using ammonia, due to the lower tempera-
tures at the end of compression. Tig., "] illustrates this for
working limits of 50F. and 1009F. with the suction condition varied
between 0.8 dry and 100° F,.S,

The curves are based on 1097, sub~cooling at condenser outlet,
isenthalple expangsion and isentropic compression.

It will be observed that while the C.0.P. for ammonia passes
throuzh a maximun value at 0.87 dry, the curve for Preon 12 does
not attain a waxioum value within the range of the graph.

Although this shows the cycle efficiency to be slightly
greater when suction vapour 1is superheated, the increase in volu-
metric efficiency of the compressor bebween wet and dry compression
i3 conaiderable, Added to the above theoretical increase in
Ce0.P. this makes the addition of suction line heat exchangers to
plants operoting on halogenated refrigevants economically worth
while.

Bxhaustive/
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Exhaustive tests on the performence of ammonia compressors
in the wet and superhested suction condition have been carried
out but littie work has been done in this field on small Freon 12
machines. The processes are likely to e very different due to
the mutual solubility of FPreon 12 with lubricating oil.

It has been shown by Melaren (' 2 0 ) that the suction and
discharge valves have little effect on the performance of the
conpressor over a wide range of operating conditions and the
field af investigation has been confined to effects solely

. engendered by the transition from wet to supevheated suction

Vapours .
.. duch effects must include actual and indiested volumetric

efficiency, cyeclical heat transfer and pilston leakage.

The use of .gnall domestic compressors for the investigation
presented certain problems with regard to size and speed of
. votibion but the convenient.osize of these machines for lsboratory
usge, and the lack of experimental data on such machines made this
choice desirable.
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GENERAL OBJECTS OF INVESTIGATION

Due to the widely different characteristics of Freon and
amnonia, it appeared that investigations on the lines adopbed
by Giffen and Newley, bub ineluding measureuent of the oyelical
heat transfer, would yield useful information if carried out
on a2 modern high-speed Preon 12 plant,

To cover as wide a range of operating conditions as possible,
& variable speed D,C, motor-driven coupressor was chosen, of
small size o that ancillary test equipment could be easily
manufactured and accommodated,

Bince indication of such a small conpressor running at
gpeede in excess of 1000 r.p.ms presented some difficulty, the
opportunity was taken of first testing the compressor running
on air Lo dévelop the indicator mechanisnm,

Hence the experimenial work was carried out with the follow-
ing objects in views= |

(o) The development of o suitable indicator mechaniom.

(b) Development of a Freon 12 test unit suitable
for meagurement: of small mass flows under wet
suction conditions. -

(c) Measuremenf of gyelical wall temperature fluctua~
tione

(d) Measurement of leakage past the piston of the
COMPLEESOLs

{e) Correlation of test results o asceriain the pro-
cegges involved during wet suction,
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DESCRIPTION OF APPARATUS

Fig. & shows the line diagram of the refrigerant circuit.
This will be seen to comprise:- compressor, oll separator,
condenser, drier, receiver, precooler, flowmeter and secondary
evaporator., ~ The various components are now described in
detail, .

Compressor and lMotor

The compressor is 1" stroke x 1" bore, single ceylinder
compressor built by Messrs. L. Sterne & Co., Ltd., of Glasgow,
(Fig.fa ). The compressor is fitted with automatic valvess; both
suction and discharge valves being mounted on a wvalve plate set in
the cylinder head.

The suction valve is of the cantilever flapper type and
the discharge valve is mounted on a spring-loaded bridge piece
which aets as a liquld relief valve.

Fig. 1O shows the valve plate fitted with the discharge reed
and spring-loaded bridge piece. The suction reed and the
components of the pressure transducers are also shown in this
photograph. ‘ |

The piston is driven by a phosphor-bronze connecting rod
runnihg on a cast iron eccentric sheave. The shaft passes
through a bellows-packed seal to the driving pulley.

The compressor is directly coupled on to a 0.5 H.P., D.C,
compound-wound motor. The carcase is mounted at each end on
ball bearings and torque measuring arms of 103" radius are
fitteds BSpeed control is effected by rheostats in the armature
circuit.

An electronic stroboscope is used to check the speed of
the motor-compressor.

Leakage Measurement

Fig. J | shows/
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Tig. I | shows the line diagram of the leakage unetering
equipment.

The equalising port from crankshaft to suetion is gealed
by a brass plug and a ennnectmon taken to the suction through
o valve (A)s  The line from the eronkcage is taken to a
oylindex of approximetely one half cubic foot ocapacity (B).
This 1ine carries a gtop valve (C) and an expansion valve (D)
nodified to operate os an upstream control valve. Vaive (E)
isolates the metering cylinder. A nmercury manomet@r:(ﬂ)
with one leg open to atmeaphere measiires the pressure in the
metering eylinder while a differential manometer (G) across
the upstream pressure regulator indieates any difference between
guetion and erankease pressure. A bypass valve (H) across the
regulator valve enables the compressor 0 be used to avacuate
the eylinder, while also allowing the manometer (F) to read
muw#iaﬁ pressure when thg leakage measuring equipment is not
in uee. |
fndicating Mechanism

The development of the indicating mechanism is explained
in Appendix IL , page 81 ,

The unit conmists of (a) pressure - transducing element.

' (o) phage marker element.

(c) element amplifien,
(4) oscilloscope.
{(e) drum camera.

(a) Eresgure Trangducing Element

The pressure sensitive capacitor is shown in fig., 12 .
When plu@@d in the valve plate, the diaphrasgm is flush with
the :plate end so does not affect the clearance volume of the
gompressor.  Adequate venting is provided so. that alr between
the dise elecirode and the dlaphragm has free access to the
atmoaphere, This was found to be most important and four

grooves are cut in the face of the electrode to faclllitate
this./ '
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this,. ,

A mica dise ,O0L" thick is placed between the electrode
and the diaphregm to inprove the sensitivity and linesarity of
the olement. The spacing of the electrode is engsily modified
by a thin washer on the back of the disc slectrode,

Any temperature effect on the performance of the element is
allowed for by calibrating the element in situ, Pig, 1 B
shows the allternative eleument used in certain of the later
aaries of tewts to avoid the necesgity of opening the cylinder
$0 atmosphere during calibration,

(h). The phose-marker consists of an earthed strip mounted
on a fibre disc bolted Ho the coupressor coupling. Along with
a similar strip placed in close proxiunity to the fibre dise,
this forms a condenser element which may be placed in parallel
with the preassure element and given o wellwdefined peakﬂon the
pressure diagramn, In some records the second ehannel has been
used to dispiay the phaging mark.

To enable the phase-marker t¢ be accurately positioned,
the fibre dise is grathiated in degrees around its periphery.
This is also ugeful for obtaining the T.0D.0. of the compressor,
Phe pick-up strip is enclosed in sn earbthed screen as in fig. 14

(c)e The element amplifier is described in Appendix ( 1L )
and con be seen in fig., 15 alongside the oscilloseope and the
dTUm SANSTR . _

(4)s The Cossor dnouble beam D.C., Oseilloscope is a standard
commercial model fitted with a 33" tube with actinic blue
trace for photographic purposes.

(e). The drun camere is fitted with a rheostat-controlled
universal motor and has a hand-operated shubter. The eamera
lens hags o mexiamum aperature £1,9 and the record is reduced
to 0,686 x oscilloscope sereen btrace,

The/
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The coamera incorporates a switch which closes for one
revolution of the drum in twenty-five. This is used to
brighted the oscilloscope trace and the shutter may be
depressed for a congiderable time, yet & record will only be
taken aﬁring the revolution when the beam is brightened.

For recording purposes, the btime base of the oscilloscope is
rendered inoperative and so only e horizontally moving spot
is produced on the screen.

The wevolving drum applies & wniform linesr time base to
‘the rvecord. Reecord paper is "Ilford® B.P.I. blué~sensitive
bromide paper, 59 m.m. wide and unperfordted.

Indicator Calibration

This is carried out in the mamner describved under the
heading "Air Girouit Tests", page S . Instead of en air
supply, dry nitrogen fed through a redueing valve is used as
the calibrating pressure source.

To avolid the inconvenience of igolating the compressor
from the remainder of the circult during calibration, the
arvangemnent of fig. | 3 was developed. In this, the nitrogen
is fed on to the back of the diaphragm and thcreby reduces
the pressure difference aseross the diaphraga.

This hag the effect of displacging the entire diaprem in a
direction high %o low pressure. When the campreqaar is
running, the calibration is obbained by notin% the digplacement
of the highest point on the diagrom while the’ pressure is
gradually increased. A datum pressure is of course required
t0 determine the absolute value of any pressure on bthe disgram.
This 1s obtained by stopping the compressor and allowing the
cankilever valve to fall open by turning the shaft towards
0.D.0., when the suction gauge registers the pressure in the
cylinder.

The/
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The method of calibiation descrlbsd is a development on
the lines of the "Farnborough Indicator" and can be used for
any electronle indicator requiring fregquent calibration. The
advantage is that calibration can be carried oubt while rumning
and at operating temperature, eliminating drift due to temperatur
effecty. -

Q11 Separator

E‘:i.g;l;?' shows o sectional arrvangement of the separator.
The vapour discharged from the compressor carries oil saturated
with Freons The Freon=-oil mixture pacses: down the columm to
the electrically heated still in the base, where the Freon is
boiled off and passes couberflow with the do@n~¢cm1ng mixture.
Uncontaminated Ireon vapour passes through a small reflux
gsection to the condensers The temperature of the oil is
controlled at 2200F, by adjusting the heat input. A micro-
anmeter connected to a thermocouple in the oil indicates the
temperature.

A "Pyrex" glass tube is used so that & correct oil level
may be maintained by periodically allowing the oil to drain
t0 the compressor suup. The lower-end of the unit is well
lageed ag can he geen from flg. 16 s which also shows the
micro-amueber used for temperature indication.

When the suction vapour condition is very wet it is found
that a heater element placed before the separator improves its
performance, A further advantage is thet vapour o the
condenser is superheated and makes control of the condensing
pressure much less eritical. This heater is a coll wrapped -
around a 500W. immersion element and well lagged. Control
ia by a pheostat. '
ﬂpnﬁeﬂsér

Thig is & concentrici tube unit with the water running in
contraflow with the Freon which flows inside a £" o.d. tube.

The/
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The condenser ls insulated with asbestos sheeting and asbestos
cord. , _
Water flow is controlled by a pressure sensitive valve in
the outlet from the condenser and the supply is fed from a
congtant head tank. The pressure sensitive valve has its
 sensitive béllows in communication with the discharge line and
controls within + -é'gl‘iii/:!.n2 when equilibrium conditions have been
eatablished.

A digcharge welr malatains a constant head at outlet.
The temperature rise of the codiing water is measured by thermo-
pile and the quantity is measured on a weighbridge. A sight-
glass ig inseted at the condensate outlet to verify that the
liquid is subecooled at this point.
' A similar sightglass is fitted before the pressure-operated
expansion valve.
Drier and Lioguid Receiver

These units are as fitted in commercial practice.
Precooler R

The precooler is used to ensure that the liquid to the
flovmeter is adeqﬁately sub-cooled. Cooling water is provided
from the same supply tank as the condenser but is not controlled
and runs full bore during the test period. A alimple shut off
valve is provided at the outlet.
Flowmeter

The liquid flowmeter is based on the design adopted by
Smith ( 29 ). Subcooled Freon enters an insulated tube
and is heated by direct contact with an electric heating element
whose consumptlon is measured by a sub-standard wattmeter.

Inlet temperature is measured by thermocouple and the
temperature/
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temperature rise by a thermopile. PFigs. | & and I8 & ghow
the sectional arrangement of the flowmeter and the heat barriers
which isolate both the meter from the thermocouple pockets and
those latter from the remainder of the circuit. The meter
shell is placed in a thermos flask and the thermocouple pockets
are lightly insulated with asbestos cord,

Since the liquid entering the meter is approximately
at room temperature and adeguate heat barriers and thermal
insulation are provided, the losses in the flowmeter are negli-
gible.

Iivaporator

This is of the secondary fluid type as shown in fig. | 2.
Previous tests using an evaporator coil directly heated by an
electric element showed that control of suction superheat
was very difficult due to the low thermal capacity of the dry
vapour and the large temperature difference between the heater
element and the vapour.

In this unit, the secondary fluid is only slightly warmer
than the outgoing (suction) vapour, In addition, estimation of
the heat exchange between the shell and the atmosphere is greatly
simplified.,

As Freon 12 is an excellent insulator, the two 1 X,W,
wirewound elements are immersed directly in the secondary fiuid
and their terminals let out through neoprene-packed tufnol
glands.  Power input from the D.C. maine is controlled by
rheogtats and 1s measured by voltmeter and ammeter. The shell
is fitted with a pressure gauge, thermocouple pockets in the
vapour space and a sightglass to check the liguid level below
the primary coil, The shell is lagged with 3" of granulated
cork enclosed in a sheet steel cladding. '
Temperature Measureuent

All temperatures arve measured by copper-constantan thermo-
couples/
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thermocouples in pockets at the appropriate points in the
circuit, These pockets and assocliated piping are carefully
lagged to prevent errors due to difference between pipe and
£fluld temperatures.

At the compressor suction a thick fibre-joint pad is
used to isolate the compressor from the suction line., The
pipe temperatures near the suction vapour thermocouple are
also neasured.

A gimilar procedure 1ls adopted at the coupressor discharge.

These temperatures are measured on a pdtentiometer fitted
with a spot galvanometer for ease and accuracy of measurement.
Switching is done by a double~bank switch as shown in fig. 29b .,
This arrangement avoids any chance of clrculating currents due
to common paths in the wiring, The individual cold junctions
are insulated from each other in a tube of light nineral oil.
The tube also contains a thermometer and is ploced in a thermos
flask of shaved ice and distilled water.

The switch is placed in an insulated box ‘to avoid stray
thermal effects and maintain clean contacts.

Measurements are made at the points indicated in fig. 8 .
E;uctuating Temperatures.

The measurement of cyclical fluctuating temperatures in
the eylinder is described in Section ( B ) page 2 2. .
Progsure lleasurement

' Pressures are measured on Bourdon Type gauges at the
. appropriate pointa'in the circuit. These were calibrated at
frequent infervals to maintain accuracy.
Suction pressure may be measured either by pressure gauge
or by mercury manometer.
Above pressures of 151b/in°G., a Bourdon Type gauge is
used. '

{
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PLUCTUATING PREMPERATURE MEASUREIENT

Measurement of surface temperature was considered to
be more practicable than measurenents beneath the surface for
- several ressons,

Por a sinusoidal waveform of temperature fluctuation,
the temperature renge at depth X beneath the surface is given
oy T-,L R 1'5 € x*‘:)éa(

FPor a complex cyclical £luctuation, the Fourler analysis
may be adopbted and using W  ag the fundanental frequency, the
t anperature range for any horaonic N  is given by

SIS N )

1. = e 2 oA »
X S where 'Ts is the surface tempero-
ture fluctuation for the
f: N order harmonic.
Mig. &1 shows a curve of T for several harmonics of the
fundamental fregquency chosgh (750 rep.ms) for cast iron.

Since it would be difficult accurately to0 position a
thermocouple in the cylinder wall or valve plate of the compressor
closer 10 the surface than .05", the waveform would be consider—
ably damped. This is of course undesirable as the temperature
range in the cylinder wall is only & few degrees, even at the
gurface.

A cousiderable distortion of the waveforim due to unequal
harmonic damping must also occurs
Congtruction of Peened Thermocouples

' The simplest %ém@erature neasurement element is a thermocouple
peened into the surface of the valve plate and led out of the
cylindexr through a gas tight acal. Since the surface temperature
was required, a single thermoeouple formed by peening copper and
consbantan/
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constantan wires, separated by-a'small distance, (.0%5") was
adopted. Legad-oult wires ela&trically insulated from the valve
plate surfhdce were taken from the cylinder between two thin

joint rings. Thils congtruction ensured ag faxr 8s possible, an
isothermal path along the leads and also that the junction
actually was on the valve plate surface. The latter is obtained
by making the generated BT, between a copper-iron couple

added t0 an iroun-constantan couple. Bince these junctions

ave at the same bemperature, the E.l.P. is the same as that
generated at a single copper-consbantan couple.

An isothermal path along the leads assured the tenperature
at ‘the junction to be the same as that of the remainder of the
valve plate.

By using the thinnest practicable wire (40 S.W.G.),
combined with the above construetion, the temperature was
measured with as little disturbance to the gas flow as pogsgible.
The construction is shown in fig, ee .

Measurement

Tor the recording of a cyeclical temperature waveform of a
few degrees Iahr. amplitude, the mechanism requlred a sensitivity
of the order of 50 microvolts at frequencies down to the
Tundamental engine freguency of about 10 cycles/sec.

Sueh requirements are beyond the scope of ordinary
electronic valve anplifiers, which at high gains have a "noise
level® considerably in excess of the sensitivity required.

It was therefore decided, after several fruitless attempts to
congtruct a suitable high gain, low-noise amnplifier, to adopt
a gtep-by-step method as an interim measure.

Joubert Contactor

Mige. 20ashows the circuit diagrem of the deviece which
congigts of a conbact-tiaker in series with the thermocouple.
This is clearly shown on the end of the shaft of the torque-
mounted motor in fig. | 67 .

The/
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The angle of contact of the brushes is easily adjusbable,
The angle of contact of the brushes is easily adjustable

and 18 Bou vy WOLLLGLLE, VMG GVLMUGWY VW BUUL U=GLLUGUL U et LupUy
of the indicator mechanism and dlsplaying the waveform on the
oscllloscope screcx. ‘The brushes and the contact strip are of
brass. Similar metals are used 10 reduce thermal B.M. e at
the contacts to a ninimunm.
The instananeous R.M.F. generated between the hot and
cold junctions is stored in a 20 }I'F paper condenser placed
across the potentiometer terminals. - A sensitive spot galvano-
meter detects any difference between the L.M.T, gtored in the
condenger and that developed across the potentiometer slide
wire.
The mean temperature at the valve plate may be measured
by closing the shorting switeh across the contactor.
Accuracy of Joubert Contactor ‘
The equivalent circuit of the “then:'mocouple-eondenser
network is shown in fig. ¢33 . 3
In time ST contact is made for & Te366
rise in charge of condenser= 8, = C&V,
fall in charge of condenser= §@, = C 8V
rise in charge 1ls by current flow in Y with voltage

drop E -~V N . & G, = ':;‘V ) l"saz

also, fall 1In charge is by current flow in A
with voltage drop V WéQge = %‘ 8T
nett rise in charge = (C &V

“(Fp% - K 6T

separating variables and integrating,

- LQJ‘" Z.(l 4 -!li%l')]a T{w where T is time to attain
120 vRC | voltage from zero charge
V . in condenger.
when | = 00) £ - 28x
but 12 ow WL nr O & which is negligible.
R =V

die eo/
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i.cs voltage aecross condenger = generated L, P,

also, evalusting the equation, R+12ov 2 8.3%

120 Cv R
. "8'3‘5"7’
« \I/E =2 ‘w—- e
i.e. the tine lag is negligcible. »
 Xhesing - \ |

The Joubert Contact is coupled to the motor shaft b
a dog clubteh, and the exact point of contact, related 0 the
conpregsor cycle ls obtained by noting the position of the scale
when the shorting pulse coincides with the indleator phasing
blip on the ogcilloscope.

An oscillogram showing the pulse and phasing blip is
illugtrated in fig. &4 . These have been offset for clarity.
Normally the ‘phasing i checked visually on the oseilloscope
5CTC G

The contact scale is divided into 18 divisions, Turther
subdivided into 2° spacing by an auxiliaxry scale,

Accuracy of Measurement

Accuracy ls not limlted by the sensitivity of the poten—
tiometer but by an EJALT. generated at the contaet by friction.

This was Limited by using a little peraffin as lubricant
and was an almost congtant error ag shown in fig. 25 (a) wnich
gives curves atb various speeds for a thermocouple at sbteady
atmospheric btemperature. Pigs. 28 (b) and 25 (¢) indicete the
geatter obtained as the phasing disc is rotated while the speed
ig held constante.

The scatter of the readings (due to the generated B .M, I,
at the cowbaet varying) is seen 0 be nob more than 00T
at 500 re.p.me. which coxrea@anﬁs to 0.28%, Congtant difference
between true and observed reading is epslly allowed foxr by
noting the mean temperature and applying a correctlon to drop
the/




(26)

the mean of the obﬂ%rveafreadingm down to0 the true mean value.
Vacuum~-Depoplted Thernocouples

While the thérm7ébuple& peened into the valve plate gave
reasonably setigfoctory results, it was felt that sowe error
mugt be imﬁﬂOd@ﬁ@&'ﬁy‘fhe disturbance of the surface profile
of the plate, . Vaﬁioﬁs methods of overcoming this deficliency
were &ttempta@'witﬁeut real success, including boring the valve
plate from %Qé back to within about .010 in. of the surface and
fixing the thermocouple leads in the holes provided,

This was complebely unsatisfactory due to the high rota-
tional speeds. of the compressor, A more satisfactory solution
t0 the problem was found in vacuum deposition, In this process
the junction can bavfo}med by a wmolecular f£ilm of metal bridging
two insulated exposed aurfaces. The thickness of metal chosen
was two thousend Angstroms (400001 in.) thick. This £ilm ig so
thin that its effect at any operating speed, including a
considerable numbexr of harmonics can be neglected,

This method was succesafully used by Bendersky ( 4 )
uzing a vacuun deposited £ilm of nilckel one micron thick on an
insert probe to measure temperature fluctuations in a gun barrel.
The nickel lead was oxydised to insulate it from the aurrbuhding
probe. ‘the use of a probe was necessitated by the bulk of the
gun barrel. No such limitation exists in the case of the small
compressor velve plate.

weveral attempts were made to use a nickel wire as a
thermocouple element and deposit a film of nickel on the surface
of the valve plate but in ne case could a reasonable life be
obtained. It was found that the only material which had a
reagonably long life ag o deposit on the valve plate was silver,
and the uge of a therwocouple element employing silver as the
vacuumn deposited £ilm was therefore congidered.

The arrangement finally adopted consigts of an oxidised
constantan/
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constantan wire cementoed. into the cast iron valve plate of

the COMPTEess0rs The Junction was formed by a film of silver
2000 A thiclk. The LML, generated is therefore the sum of the
T, MeTe 5 genereted at an iron-silver junction and a silven—~
congtbantan 3uﬁction. Pue to the extreme thimnesus of the film,
the tomperatures at the Jjunctions may be assumed to be the
gurface temperatures of the iron and constantan.

In ordexr to ascertoin the thermal effects of dlspimilarity
between the materdal of the thermocouple wire and the deposited
film it was decided to melke as imveatigaﬁian utiliging the
electrical snalogue previously described (page 58 ),

It has bheen aspumed, becanse of ‘the insulation between the
iron and constantan of the thermocouple,that the flow of heat
is unidirecotional, with no interchange hetween the iron valve
plate and +the constantan wire. A gimple one dimensional ladder
network can btherefore be uged for the investigation.

The network for the flow of heat throusgh the material with
a surface vapour f£ilm resistance is shown in fig. 26 .

Amplitude and phase measurements were taken for a wide
range of input resisftors and for o range of frequencles Lrom
50 cycles/sac. b0 5,000 eyeles/sec. Only the surface resistor
wos albered in each test, the some R.Cs network heing used in
each tast, The results of the tests can be dlgplayed on a
gsingle curve VK/‘- against RL\{Z@ . This is derived as
ghown belows— ' 2

applying the equation dV = ‘ . -V

dT Re Ce ol 7‘-2

dVv. S dlv
dnT ~ hRyCy A %2

a8

for lumped constanbsg, the equation is
unaltered/
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%

unaltered s0 long as T s xz‘ 1s wnaltered, or ‘““bg‘“ = 8
conatant. (a).
Similarly the distance represented by the surface resistor
Re is &x R}fﬁ which ig unaltered so long as o¥X B is a
constoant. (b).
Combining (2) and (b) we find, for a given analogue network
comprising Rsar Cs +that the equation is unsltered so long
as RIVW 1is a constant.

Tige &7 shows the graph of log V%/‘- plotted against -
Log RO for a network in which Rgal2K.0; Cgs OWFfor R
varying from IOKR tol MR and W varying from 50 cyclen/sec. to
50,000 cycles/sec.
Application to ‘.‘L‘emp@x'g"l;um lMeasurenent N

For o thermal frequency N > 2 n = / W
Rg C.S= %0%
also RL Hyx » R g-R/hyg

SCE IR R
giving RIJO =ﬁ‘ s JRCs

With a thermocouple arranzement h.j: and N are the same for both
elementg;, the value of 9\‘\\,!3\ for ench materisl is derived f£rom ﬁ
for any given condition. N R

For any materlal le "‘ﬁ_cb where b = g C

L_oj?s:_\rf) aLo3C+Lug¢ where C = “P{/J:(

and log (KC. J'I.E‘)mu_ \og (R:_ \ITS‘% = log C orlog Cy,

_ = g congtant.
In fig. 2 § it will be seen that logg(\’ ;(Ic) Ny 10@;(\’}0‘:)‘_’:: X Toan ©

(Vs)

" hence log N—;E a¥tan © , or in thermal units

g‘q
‘03('173=X'\'w6 It will be noted that 1€ is constont '!;hen( 7/11) is
congtiont. Thus, over the range where the curve of fig. 2.7 is
linear, the relaotionshlp between surface temperature fluctuation
on one material to the surface tempersture fluctuation on another
will/
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will be congtant.
Pig. 9 shows the appropriate values for an iron-constantan

couple.
With a gilver film forming the Junciion, the recorded E.M,I',
19 (95T + 236 T)pPV/F. and fig. 29 shows the

sengitivity for such a thermocouple.

Thig graph shows that within the range Eoo‘iﬁztﬂﬁs'beyond
107, the overall thermocouple sensitivity is within + 5% of the
mean valua,

These Limits correspond to a range of O 4\'\4 15,000. at
"500" oyclesy/minute and O < h €150,000 at 50,000 cycles/minute,
which covers a sufficient frequency and heat transfer coefficient
field for these applications.

Note: B has dimensions B.T.U./hr.f4°F .
Congtruction of Vacuum Denogited Thermocouples

Pour iron-curcka thermocouples were inserted in the valve
plate as shown in fig, 90O . An enlarged section shows the
method of attachment of the eureka wire in the c¢ylinder, It will
be seen that o hole 1/16" dis. is led halfway through the valve
plate and is connected up to a smaller hole which breaks through
into ‘the cylinder, This hole barely clears the eureksa wire
which is insulated mainly by an oxide filma The larger hole
has negliglble effect on the teumperature wave since 1t has been
ghown that the wave does not penetrate more than 0.1" below the
surface,

To ensure complete the insulatlion of the wires, a coating of
shellac was applied and when dry, the wires were coated with
"Araldite” thermosetting plastic cement. The coated wire was then
carefully pulled through the hole and continuously checked for

insulation resigtence, Due to the small cleararnce, this process
had 40 he adopted to ensure that the clreuit was not completed
withlin the valve plate. The plate and the attached wires were

placed/
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placed in an oven at 100°C, until the cement was baked hard.

The protruding wires were clipped and the ends filed almost

flush with the plate surface., The face was then cleaned with
fire emery cloth and the surface dust and grease removed with
carbon tetrachloride. A further check on the insulation
resistance wag made. The valve plate was then inserte%ain

a vacuun deposition chaumber and the film of silver 2000 A

thick was deposited on the area around lthe junctions. Continuity
and film resistance was chgcked,before assemnbly. The thermo=
couple leads were taken out fibre joints under the cylinder cover
as illustrated in the sketch.

The deposition of the metal film was carried out by the
gtaff of the Natural Philosophy department of the Royal College
of Science and Technology.

Jimultaneously, with this development, further investigations
into temperature recording methods were carried outb.

It has previously been noted that attempbts to construct a
high gain, low noise, amplifier suitable for low frequency micro-
volt inputs had been unsuccessful due to the high noise level in
available thermionlc circults. At this time, the Cossor low
noise A.C./D,C. battery-operated preamplilier became generally
available. This incorporated a new type of low noise factor
valve, the O0,M.8.C. This seemed to provide a suitable answer
to the noise and frequency problemb . When the instrument was
coupled to the Cossor D.C, oscilloscope No.1049, the valve noise
was about 50 microvolts. This seemed to rule out the use of
this preanplifier, but it was decided to persevere with the
set-up 0 see whether some correspondence with the Joubert Contact
method of temperature recording could be achieved when adequate
signals were available.

During this preliminary work, the nolse level was noted to
be/




(31)

be of an almost constent amplitude and even more important,
to contain only supersonic frequencies around 50,000 to
100,000 cycles per sec.y with practieally no low frequency
or random components.

Tt was immediately apparent that a considerable reduction
in this noise could be achieved by the use of an ordinary top-
cut filter as used In audio work 4o reduce surface noise on
gramophone records, The frequency of the noise signals is so
high that a simple cépacitor acroas Lhe output of the pre-
amplifier was found to bhe adequate. The noige level was now
of the order of five microvolts without appreciably affecting
the thermocouple signal. The response curve for the filter
is shown in fig. 3) .

When setting=-up the complete temperature recording instr-
ment, complete screening of all components was adopted and a
single~earth connection made between each component. Lven so,
a considerable mains frequency hum level was present. This
residual hum was eliminated by the inclusion of a simple hum-
bucking arrangeuent. This could be set to give zero mains
frequency signal on the oscilloscope when the thermocouple
selector. switch was closed, e

It will be observed from the records of temperature
fluctuation that there is little evidence of hum or noise. It
is emphasised that such a high signel/noise ratio can only be
achieved by close attention to every detail in the mechanical
and electrical layout of the equipment.

' The gain of the D.C.-coupled preamplifier and oscilloscope

was found to be inadeguate. Even A.C.-coupling of the preamplifier
did not give a signal of a sultable amplitude, although the

noige level was still of a very low order. Since the pre-
amplifier was now A.C. coupled, it was n" advantage to use a

D.C. oscililoscope. The Cossor A.C. oscilloscope No,1035 was
pressed into service. The gain of this instrument is four

times/
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times as great as that of the No.1049, in the maximum
genaitivity setting. With this arrangement signals of 15
peak~to—-peak could easily be detected and measured. The noise
level of about 5 MV amplitude, wes considered satisfactory.

Calibration is carried_out by means of a mains signal of
known amplitude.

A geries of tests using this equipment was carried out.

Correlation between the Joubert Contactor and the electronic
recorder was not achieved. It seemed likely that some deficiency
existed in the recording chain. The thermocouple itself was
common to both gystems and there was little possibility of a
partial failure of the contactor, The error was obviously
due to amplitude and phase distortion in the A.C. coupling
networks., Time-constant checks were therefore made on the
equipment and, gave a value of 12.12 m.s. Such a small time-~
constant obviously must produce conslderable distortion in the
temperature wave at frequencies of 10~20 cycles/sec,

The presence of such a short time~constant was surprising
in this oscilloscope since it had been designed for ordinary
audio work and in previous use had been noted to give a flaot
response within 3 d.b. to 5 ecycles/sec. Investigation of the
circuit showed the gain control to bhe in the form of a negative
feedback loop on the first valve of the Y.I. amplifier. On
normal gains, feedback maintains the response adequately but on
maximum gain the feedback is removed and the time=constant
consequently is reduced. Verification of this was given by
reducing the gain of the osciiloscope by 3 x . This gave an
improved time~constant of 36.4.m.secs., which ls three times
that obtained at the weximun gain position.

Correction of temperature traces to allow for short time=
congtant was carried out as follows:-

The coupling networks may be considered as a gingle

" ReC coupled gystem, (fig. 32 a.),

In /
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In tine8T 3 V, rises SV and Vp - &V,
charge on € increases by C ESV.-—SVZ:( \
charge passed through R = YR_{ ST

hence € &V, -§V, 3 & &T

SV, S V. \'¢ 2
C —————— oy -—-—l ——
st "S5t TR
expresaing as infinite differentials,

JV.__ dV‘ q_\!&.
aT AT ~RG

iofﬁn ‘V
=2 dV;. -’ V’. — o ;
W e o T = time constant
integrating, V, VA {_J‘V‘dq.* (a qonsstan‘t.)

i.0 inpﬁ“ﬁ voltage = output voltage +(area of oubput vol't:age/
time diagram) x Vo
+ a constant,

The gcale of the integral curve is menesh. units of area
and ‘when multiplied by ¥T gives the added Ffraction,
For convenience, therefore, the scale of (integral-t’ﬁ‘ )
should be the same as the ordinate scale,
Sk T
i.ee the polar distance for integration = TAmm
Pige D illustrates a bypical corceetion process. In this
case, at 600 r.p.m. 9" = 1 rev. = 1/10th scc.
Y =z '/90 S ecfin,
“ra 82.¢ Vsec
Soh 2 109y,
The integration congtant is obviously the shift in the zero
of the trace due to the added integral.
l.e. Constant = mean height of integral curve.
Lvaluation of Time-Congtant
y This was carried out experimentally as shown in fig.:34PQL'
A
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A step function of 1500V was applied at the input of the
preamplifier using dry battery and a potential divider.

The keying action was utilized to trigger the @scilloscope
time base so that a single keyed pulse was recor’ded;‘ the canera
shutter being held open. A 50 ~ timing pulse was displayed
on the second beam which also served as the zero line for the
exponential decay trace. (Fig. 35a )

In later series of tests, the short time constant of the
ogscilloscope was eliminated by introducing a further stage of
snplification between the pre-amplifier and the oscilloscope.

This amplifier was quite stable and was directly connected
to the output of the pre-amplifier. The output of this stage
of amplification fed into the D.C., oscilloscope through a time
congtant of 50 m.s. The correction of this time constant was
quite simple and a passive network of the type shown in fig.34b
was introduced between the photoformer and the ladder network
when the diagrams were being analysed. The response of the
correction network to a sguare wave whaich has been passed through
o differentiating network is shown in f£iz.35b.  The time constant
of this network is chosen 10 correspond to the compressor speede
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Iwo~Dimensional Analogue for Ixtended Surface
When fixing a thermocouple wire for measurement of surface

témperature, it is not possible to be certain that the wire has

a perfectly sharp cylindrical edge or that the hole has a per—
fectly sharp edge. It is therefore conceilvable that the thermo-
electric effects generated between the vacuum~deposited f£ilm and -
the wire extended surface could have an appreciable effect on the
accuracy of the readings obtained from the thermocouple, especiall
at high frequencies.,

To obtain some idea of the magnitude of the errors which
might be involved, a two-dimensional network representing a seectio
of the thermocouple wire with attached "fin" was constructed.

The block diagram of the network is shown in fig. 2@ , The con-
densers at the nodes of the network are all .OlpF, and the unit of
resistance is taken as 10K, On this basis, the block is 20’
units wide and 53 units deep. The "fin" is represented in depth
by 1 unit of resigtance i.e. 10 K, and one unit of capacitance
i.e. ,OLM T, and in width it can be represented by either 17.1 XK.
with 2 x .OlpiF. condensers or 12 X.£& with 1 x .OlpiF. capaci~
tance. The network is fed along the top edge through variable
resistances from a variable-frequency oseillator. These resis-
tances represent the vapour film resistance and the effect of the
"£fin" is noted by taking the difference in voltaze between surface
at the finned end of the network and at each of the other surface
junctions, This gives an accurate reading of the voltage at

each of the surface junctions and the extremely high input imped-
ance of the difference amplifler ensures that the measuring probe
has no effect on the conditions in the network. The network is
shown in fig. 37% 76 b, :

In each case, the time scale multiplier "n" has been chosen
so that the "fin" 1s .001" deep and either .0011l" wide oi .0019%
wide/
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wide depending on the circult. The oseillator frequency was
varied from 5 cycles/sec. to 5000 cycles/sec. with surface
resistors being varled from 125 K,ohm to 22.7 M.ohn.

The possible errors involved are presented as the excess
of the temperature at the tip of the "fin" (where the E.M.F. is
generated) over the temperature of the bulk of the wire surface.
The range of heat transfer coefficients is approximately from
80 to 14,000 BTU/hr.ft.2°F,

The graphs38, 39 , 40 ,Al , show that the existence of
a small "lip" or "fin" on the thermocouple wire or on the edge of
the hole in which the wire is inserted can cause appreciable
errors in the recorded teuperature. These erroyscan extend over
the entire range of frequencies met with in engine and compressor
work and some account must be taken of the possibility of such
errors in the assessment of the accuracy of the results obtained
from experimental work.

Doubling the width of the "fin" has the effect of approxi-
mately doubling the error. In figs Al 1t will be seen that as
the frequency is taken to a very high value, the error passes
through a maximum value and then gradually falls. This is due
to the reduction in the penetration of the wave into the wire.
When the penetration approaches the depth of the fin, the error
will tend towards zero.

Prom the above it is clear that the accuracy of the surface
thermocouple 1s limited by the degree to which the edges of the
elements of the thermocouple are distorted.

The use of peened thermocouples for measurement of fluctuating
temperatures is therefore, to say the least, suspect.
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TEST PROCEDURE

The following procedure is that adopted after the fitting
of automatic‘controls when the machine was run continuously in -
order to eliminatey as far as possible, transient conditions in
the circuit. These'eomprised,

(a) glectrical cubt-=outs to shut-down the circuit in case

of failure. | ‘

(b) controls to maintain steady conditions in the plant.
The circult diagram of the electrical cut-outs is shown ii
fig. 42 . Controls fitted to assist in steady running
included a modulating valve controlling the cooling water
t0 maintaln constant discharge temperature and a_ feedback—-
controlled motor to keep the speed at the desired value.

When the plant is running continuously, two tests are run
per day and the actual readings taken before eight in the morning
and before eight in the evening in order o have the advantage
of steady voltage conditions.

The test eommenoes; after the leakage readings of the
previous test have been taken, with the opening of the equalising
valve and the shutting off of all heaters. The shorting switch
on the L,P, cut~off is closed and the condenser water turned to
full flow. The evaporator outlet and inlet valves are closed
and this causes the Gompressor $0 draw a vacuum in the measuring
c¢ylinder,

When this is sufficient for the purposes of the test, the
cylinder valve is closed and the refrigeration circuit opened
again, This operation should take less than 10 minutes. The
condenser is returned to automatic control and when the L.P.
cut-out has closed, the shorting switch aecross it is opened,

The calorimeter heat input is adjusted to the desgsired level
and the olil heater and flowmeter switched on.

The/
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The plant is now run for about an hour during which time
the expansion velve setting and the condenser water flow are
ad justed to give the desired teat conditions. When conditions
have steadied down and the oil is maintaining a steady low level in
the gseparator the plant is left 0o run under automatic control
for a period of at least eight hours,

After this period, the power pack, oseillator and oscillosg-
cope are switched on and allowed to warm up while the oseillos-
cope camera 1s loaded and the refrigerant circuit conditions
checked., The condenser water is switched to flow throughpa
glags orifice column which indicates whether the automatic water
valve has modulated to give the correct constant flow or whether
this has not been possible, perhaps due to variations in speed.
If conditlions are asatisfactory, the collection of condenger water
for weighing 1s started and this proceeds while the temperatures,
pressures and other readings are noted. A valuable indication of
the degree of thermal equilibrium is given by the oscilloscope
trace which will drift due to very slight changes in cylinder
head temperatures. Readings are duplicated to ensure that
equilibrium has been established.

When these readings have been obtained, the pressure and
"Parnborough" dliagrams are photographed and the trace is cali-
brated by introducing nitrogen pressure above the capacitor
diaphram and phdtographing the deflected trace at successive
pressure increments.

FMluctuating Temperatures in Valve Flate

The phasing contactor is c¢lipped into place and the thermo=-
couple circuit switched so that fluctuating temperatures may be
read. The signal from the contactor is fed into the pressure
trace and the two “blips" aligned for phasing purposes. The
wire to the pressure element is then disconnected and temperature
readings/
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readings taken at every 20° of crank rotation. To guard

against the effects of slight changes in cylinder head tempera-
ture, the mean temperatures are frequently noted in a separate
column, giving an indication of the time element involved in the
readings.

_ " After the introduction of electronic recording equipment

- for temperature measurement, the temperature traces were photo=-
graphed on the oseilloscope along with calilbration traces.
Pigton Leakage

The following operations refer to the apparatus shown in
fig. || . The crankcase pressure control valve (D). .is now set
to the estimated position for the expected leskage and the differ-
ential manometer opened. The evacuated cylinder (B) is now
opened and gas flows into it from the suction line. The equalising
valve (A) is closed and the gas flowing into the cylinder must come
from the crankcase. Slight adjustments are made to the control
valve to bring the differential manometer to its original reading
and when this is steady, readings of mercury height at each minute
are taken on the other manometer, This gives the rate of increase
of pressure in the oylinder from which the rate of leakage can
be calculated., When the pressure in the eylinder has risen
sufficiently for the rate to be established, the equalising valve
is opened and -another test is commenced by shutting off the
heaters and drawing a vacuum in the cylinder.

Note. o :

Leakage vapour normally finds its way back into the suction
line but when this vapour is removed for mesgurcment there is an
inoreased draw-off from the evaporator and condenser while the
flow into the condenser is unaltered, This may be seen from
fig. 43 ., Thils tends to lower the evaporator and condenser
pressures which must be countered by increasing the evaporator
heat input and reducing the walter supply to the condenser. The
former 1s achieved manually but the condenser modulating valve
successfully maintains the discharge pressure.
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VOLUMETALC ERFICILNCY
REVYCRION, OF RESULMSne

LT EINAY L

When suction vapour is superheated, the mass flow may be
doternined from either the enthalpy bhalance aerosgs the Calori-
meter or from the liquid mass flowmoeber,

Whon the suction vapour is wet, the condition at suction
is inferved from the enthalpy rise aoross the evaporastor in
conjunction with the mass flow determined molely by tho Liguid
mass flowvmeters

Tue t0 the concentrice~tube construction of the condenser
and the smell ness £flows cenoountered, the oondenaer method of
naos flow dederaination was not used, This wan due to the
comparatively lovge heat leelkoge from the condenser which wasg
imposslble to calibrate sincee the positlion st which mubecooling
ocoured varied from best to test. The vendings L£rom the
condenasor - egpecially the rate of waber flow were nevertheless
a uaeful guide B0 oguilibriun conditions in the syston,

”hurmadynmmle propeviies of Preon 12 were obtained from
"Ppoperties of Cownouly Used Refrigeranta" ( O ) and thesa
were plotted on a base of ﬁryneaa fraction and superhest so that
the best bagla ia whieoh to Plot the results could be found.

Por continuity in all curves, increments of entropy,
gpecific volune and enthalpy should be uniform in the change
from the wel Ta the ﬂupevheata@ Tiold.

( Bq) whore P = degrec of
=X/ ¢ o superheat.

In fact, bthese equalities are not realiged but the
voriation is sufflciently smell to be ignoxred.

Gege ot 15%F, saturation tempeorature,

= 5e 0R/y 355,
’('2)7/)'1! 4 F/Unit of dryness
(.___ = 473 °#/Unit of dryness.

QR
(3 ?) 2 4739 1/unit qf drynesa.
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The best basis on which to construct all curves is therefore

with 4389 = 1 unit of dryness since specific volume is the

property primarily concerned with volumetric effieiency.

Volumetric Efficiency is defined as,

"7 Aspirated volume at conditions at suction manifold

Swept volume of compressor.

Indicated Volumetric Efficiency is defined as,

Length of suction pressure intercept on P-V diagram

Swept volume of compressor.

The form taken by the volumetric efficiency curves,

(figs. 44 to 46 ) is similar in each case. The rising
characterigtic of the curves as the suction dryness approaches'
0.85 corresponds with the previous work by Smith and Giffen and
Newley. The absence of a maximum in these graphs even with
over 100°F, superheated at the suction is surprising although
the increase is quite small with superheat greater than 30°F,

It will be seen that in the superheat field, the most
sultable speed is 750 rev./min. whereas when air is the working
fluid (Appendix IIT ) no maximum is apparent. The incidence of
wet compression favours the higher speed of rotation.

The valve plate temperature (figs.47 1049 ) shows
similar characteristics, rising slowly as the suction gquality
is raised and then rising much more steeply as the discharge
vapour becomes superheated.

It is surprising that the digcharge vapour superheats
down t0 such low suction qualities (fig.5! ). This cannot
be totally ascrilibed to steady state heat transfer since with a
low discharge temperature, (fig.6 8 ) the superheat exists
down to 0.6 dry. It is significant that the slope of the
discharge vapour curve continuously rises until well into the
superheat fleld, whereas steady~state heat transfer would
produce/
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produce a curve of continuously falling slope.

FPig.52 shows that the temperature difference across the valve
plate does not vary greatly. Hence the heat transfer to the vapour
as 1t passes through the compressor, must also be sensibly
congtant.

An alternative explanation lies in an inefficiency in the
compression process which increases the work of compression.
Change of suction condition makes little difference to the
indicator diagrams, in fact the scatter of results due to varia~
tion in oil level made such diagrams of little value,

The fall in volumetric efficiency must therefore be due:
principally to actions not apparent from the indicator card.
These will og¢cur during suction and discharge when changes in
density have little effect on the indicator card.

In the analysis of the indicator diagrams, the suction
presaure intercept is difficult to determine and although the
"FParnborough" Indicator assisted in obtaining this intercept,
considerable seatter could occur due t0 the action beling affected
by oil on the diaphragm.

This is particularly apparent on the curve for 1000 rev./min,
on £ig. 5O, Under these conditions the splash lubrication
causes considerable oil carry-over into the discharge llne.
In this connection it was apparent that the oil carry-over was
nuech greater when the suction condition was wet than when it
was hlghly superheated. It was impossible to obtain quantitive
results since the slightest alteration in oil level in the sump
had a great effect in the amount of 0il carried over: This
gquantity in any case was never more than about l.5 x 10”31b./min.
and even if 50% saturated with Freon could account for only
+75 x 10“31b./min. of the capacity of the compressor.

The method of analysing the pressure diagrams will be seen

from/
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from fig.|O@2 in which the pressure~time diagram is set out
end divided into strips 102 apart. The pressures are obtained
from the oscillograms shown in fig. 19! in which calibtation
traces are superimposed at 20 1b./in.? intervals. The trace
from the "Parnborough" element also carries the phasing mark.
The indicator diagram, on a volume basis ig shown on fig. (O3
It will be seen that closure of the suction valve occurs some
359 after B.D.C, It was realized that some blow-back wust
occur to cause closure of the valve and work on this was carried
out by Pearson ( 2 ) using this compressor and its associated
test equipment.
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PISTON LEAKAGE
REDUCTION OF RESULTS

The leakage rate is obtained by measuring the rise of
pressure in the cylinder with respect to time, assuming isothermal
conditions in the measuring cylinder.

I)ovu = WuR.To

ar = dwp I

aT d v

aw = T . & = o 4p
aT RT aT at

P, from the manometer, is graphed in inches Hg to a base of time
in ninutes.

The validity of any set of readings is automatically
checked by their approximation to a straight line. If the rate of
leakage 1s not congtant then the gradient of the line will vary.
By using the modifled expansion valve to maintain a constant mean
pressure in the crankcase, it was possible to prodube results that
showed no progressive deviation from a straight line.

A typical curve for rise of pressure in the metering
cylinder is shown in fig. 5> and the leskage rate is calculated
as shown belows

C = §¥~ . where V = volume of cylinder (.4375 ft. 3)
R = gas constant for F.12 (11.7 1b.ft/°F, b)
T = mean temperature of vapour.
h = pressure (in. Hg.)

dw . 144 x .4375 x .43 , dh

aT 11.7 x 560 aT
From £ig, 9 Q.fi.‘.._ = 2.56 in.Hg./Min.
d

AW . 4,71 x 1073 x 2.56

= ,0121 lb/min. leakage flow
Accuracy of Results/
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Accuracy of Results

The method of estimating piston leakage was designed to
glve an errvor of less than 5% in the Preon 12 tests where flow
quantities of about +OL5 1b/min. were expected. .

It is reasonable to assume that  the timing ofggéadings was
carried out to an accuracy of Ol minutes and that the héight
of the mercury coluun could be read to within 0.1 of an inch,
The normal duration of a leakage run was 8 minutes during which
time the manometer‘reading would rise to approximately 25" Hg.
These figures give an estimated error of 0.5% indicating that
the main source of error is likely to be incorrect control of
erankense pressure, The differential manometer between sump
and suction (G. fig. |} ) showed that the modified expansion
valve controlled the crankcase pressure to + 0.,25" Hg,

Assuning a mean differentisl pressure of 10 1b/ir?2 and a linear
relationship between leakage and M,D,P. this gives rise to a
possible error of + 1,5%.

Thus it can be seen that the theoretical error is within
the 5% set as the standard required for useful resulis.

The mormal deviation of experimental points from the mean
gtralght line is considerably less than 0.1 inch in a line rising
to 5" giving an observed error of about 2%.
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Comments on Results
The results of the bests using both Freon 12 and air
as the working flulds are shown in figs.9%+t0 56 ,
In analysing the results the standaridised curves of fig.57 were
~ drawn. These enable the mean pressure differences between the
eylinder and the crankecase to be deduced from a knowledge of the
suction and delivery pressures of the compressor,
This mean pressure has been termed "Mean Differential Pressure"
gince it is calculated on a time basis,
That is, "Mean Differential Pressure" (M.D.P.) = I Doy _ j‘ Pa@

These curves were constructed from theoretical pressure/crank
angle diagrams assuming isentropic compreasion and have been
congtructed for both Preon 12 and ailr. Uging the gtandardised
M.D.Ps curves, and assuming that the leakage 19 /cm.mavf,

a curve of theoretical piston leakage has been prepared.
This is shown in fig. 58 .,  This cuvrve indicates that the
piston leaksage will increase with increasing suction pressure

up to high suction pressure. This increase in leakage has been
noted by Fuchs, Hoffmenn and Ilenk ( !l ) and also by Lorentzen
(19 ),

The variation of pistOn lerknge with speed is quite small
within the practical speed range of the compressor. Values of
pigton leakage under static conditions have not been given,
gince (1) static tests are quite meaningless as the normal oil

film would quickly be waghed away,
(2) the effects of side thrust on the piaton would not
be obtained.
The inadequoacy of static tests hos already been noted by Gosney
( 14 ).
It/
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It will be noted that the reduction in piston leakage with
increasing speed is greater when I'reon 12 is the working fluid
than when air is the working fluid. This would seem to indicate
the “inportance of the oil film presented to the soluble refrigerant.
It would appear that the increase of speed reduces the dilution
of the o0il film by the refrigerant, :

Pigton Leakose/Suction Enthalpy (fig., 54 )

The curve of leakage againgt suction enthalpy ‘shows a
slightly increasing characteristic in the range 0.5 - 0.8 dry
followed by a relatively sharp decrease between 0.8 and 1,0 dry.

In the dry field the leakage appears t0 be approximately constant.

The increased leakage at about 0.9 dry is presumably due to
the dilution of the oil film by condensation on the cylinder walls,
The apparent slight decrease in leakage at suction conditions
below 0.8 dry may be a temperature effect.

The leakage rate appears more stable in the superheat field.
Increased apecific volume will tend to reduce the leakage but
this will be counteracted by the greatly reduced thickness and
vigcoslity of the oll 'film.

geakageZSuction.Enthalﬁx at Various Pressures

These curves display the form observed in the curves of

fig. S .
It is noticeable that high suction preassures produce
increases in the leakage rate. This is in agreement with the

curve of theoretical piston leakage. (fig.S® ),

The leakage of vapour past the piston is about 5% of the
mass flow of refrigerant in the compressor. Hence, even although
there is a 30% increase of leakage in the transition from "dry" to
"wet" compression, di-is clear that the effect on the volumetric
efficiency of the compressor is slight. A 30% variation in
leakage/
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leakage rate produces about 1.5% variation in volumetric
efficiency.
Comparison of Air and Freon 12 Leakage

In comparing the leakage of air, which is immigcible with
the lubricating oil, with that of Freon 12, which is miscible
with the lubricating oil, use has heen made of the M.D.Ps curves.
The experimentally determined leakage past the plsbton has bsen
piotted against mean differential pressure. This i1s shown in
fig. 59 . The linear nature of these curves indicates that the
flow past the piston is viscous in nature.

Assuming a viscous leak, we have, no_ KS.
AP M

By experiment, we know that [?P for Freon is approximately twice

the 8 value for air. (fig., §9 )
A
For alr under the test conditions, € = .075 1b/ft.3

M = ,0L75 cup.

3 =X x_.075
A_P = 4,3 K
« 0175 '

Tor "reon 12 under the test conditions, .
(a) assuming it leaks as a vapour, € = ,558 lh/i"b.3
p = QQ—l Oo:po

m -
AP = K x ,588 249 K
.012

(b) assuming it leaks as a liquid, @ = 84 1lv/ft. 3
,J = 0029
m 3
Ap =K=x8 = 290 K
29
f Assunptions (a) and (b) do not yield solutions which are of
the same order as the experimental results.

(¢) An alternative assumption is that the greater part of the
Freon 12/
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Freon 12 leaks past the plston as a solution in the cil film on
the cylindexr wall,

The mean dilution of the oil film cannot easily be calculated
but considering the large surface areas involved soluiions of as
much as 50% Freon are possible.

In the case of a 50% solution under test conditions,

€ = 70 1b/ft.3

| M =4 cop. (A.S.R,E., Data
Book, 1949, p.309),

E;PQ'K‘K 3 X 1% = 8,75 K.

The result produced by assumption (e¢) is of the same order
as the experimental result.
(onelusions ‘
(1) The leakage of Freon 12 past the piston is probably laminar
flow dissolved or partly dissolved in the oil film on the cylinder
wall.
(2) Por all practical pressure ratios, the piston leakage will
be increased if the suction pressure is raised. |
(3) DPiston leakage does not vary greatly with speed, thus the
losa of volumetric efficiency due to this leakage is much greater
at low speeds. '
(4) Piston leakage is greatest under "wet" conditions redching
a maximum at about 0.8 dry and falling to an almost constant
figure in the superheat field, :
(5) "The alteration in leakage of refrigerant past the piston during
the transition from "dry" to "wet" compression is slight and does
not make a significant contribution to the reduction in the
volumetric efficiency for the compressor during such transition.
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TEMPERATURE GRADIENT IN VALVE PLATE

From a knowledge of the surface temperature fluctuations
of the valve plate during the cycle, the cyclical heat exchange
between the vapour and the plate may be obtained. '

Steady state heat exchange is allowed for in the normal
faghlion.

If the heat flow is assured to be normal to the surface
then the periodic:heat flow may be found by carrying out a
Fourier analysis of ‘the temperature fluctuation.

For the M harmonic, the temperature gradient at the surface
is given by

dt T "E‘%. (Sw AT « Cos 2O T)

' dx

where W is the fundamental frequency.

Prom this it will be seen that higher order harmonics in
the temperature waveform have a large effect on the heat transfer
and cannot be neglected in the analysis.

This involves considerable labour in the calculation of the
temperature gradient and as an alternative, a relaxation method
and an electrical analogue have been used in the present investi-
gation.

Relaxation Pattern

Figs. GO (a) and (b) show curves of temperature with

regspect to time and depth in plate.

The mean temperature gradient at tiume T

is given approximately by '3‘%—'(’(‘4.'1'1)/ 28T

and the mean temperature gradient at ‘M'=(1~ TN 28%

depth K by e

Rate of change of the above gradient isgy® = (Tl-t'rg ~ate)/ 3*
Therefore, for heat transfer through the

walls in one plene, the Fourier equation AL dt

may be applied in the form A el AT

and using the above approximations, 1s _
Hence/ 'géi (t+ 1y ?.1'.;) = ('t'li“ﬂr;)/ 28T




Hence choosing RAET = x*

thig equation becomes T+t L4+ Ty - 4-21'

If the equation is not satisfied, then T+, +1'5 ~Tq-2T7 Y
where Y is the residual at To .

This can be applied to a sultable relaxation pattern as
shown in fig. G0e .

The pattern has time as one axis and depth in the cylinder
wall, as the other. TEach time interval is taken as a suitable
crank-angle rotation and the depth " §® " is of the value to
satisfy the equation.

The numerical values at each node show the corrections
t0 be made in the residuels when the value T, is increased
by +],

e.g. When considering equilibrium at Te

an increase of +1 at position Te

reduces the residual by 1, since the.

equation for position To 1is "'g'l'Ts"'T-; T 21- = Ve

Hence, choosing the largest residual and reducing it to
zero by lncreasing the temperature at that node by half the
amount of the residual, the true temperature at a particular
node may be obtained.

The temperatures at the various nodes are assumed at the
nmean temperature of the surface and the residuals calculated
and inserted as shown in fig, 6lc ,

Since the time sgcale is continuous, values at 3600
immediately precede values at 20° in the pattern.

When the process is carried in the direction K sufficiently
that the residuals are unimportant, the temperature gradient
at the surface may be calculated by advancing the pattern in
the direction =X 10 obtain the temperature gradient at the
surface.

The/




(52)

The use of this relaxation technique was adequate for
the calculation of temperature gradients due to temperature
fluctuations not containing high harmonics.

Such 1s the case when the Joubert Contactor is used to
record the temperature since the scatter of results due to
expansion valve "hunting" precludes the plotting of closely-
gpaced temperatures. This technique was used by the author
( & ) bvefore the electronic recording equipment was developed.

The higher resolution of the electronic system of temper—
ature recording requires such refinement of the relaxation
"net" as to render the process excessively laborious.

Electrical Analogue

The development of the electrical analogue 1s described in
Section 1O .

Temperature gradient and cyclical heat flow are derived as
followss

FTrom the temperature fluctuation curves and its calibration,
the scale of the temperature fluctuation curve can be obtained,
and when processed through the analogue, the scale for the
temperature gradient curve 1s obtained by considering the constants
of the analogue‘and the anplification of the various amplifiers
in the circuit,

For a speed of 1000 rev./min., Rsa 1|2 xIO-s,,SL
B awn Ry,CgR Cgx «o'MF
- 100
2 hodms 12 N * seewee

| K = 52 1w
Temperature gradient scale on oscilloscope

- Scale of Temperature Fluctuation Curve
( radient Channe

Gain of Temporabire Thormel) * (gain of difference amplifier)
= 5 OF/QmO
Temperature gradient = S% %  where N = ordinate of gradieg&rve'

FaN
A = dlstance represented by
first resistor in network.

Cyelical/



(53)

Cyclical heat flow = f29 al where )} = area of cylinder wall
expoged to vapour.

.,Eﬁx area of temperature
gradient diagram.

In this calculation R has been assumed to be approximately
equal to 2 x valve plate surface.
Comments _on Results (Presentation)

Graphs of "Reductlion of Volumetric Efficiency® due to
cyclical heat transfer are shown in figs. 65t0 68 .

This presenbtation is possible since 1t has been stated
(page 42 ) that the major causes of reduced performances occur
during suction and discharge.

‘ The heat flow durlng suction will result in an increase in
the volume of vapour in the c¢ylinder with consequent reduction
in volumetric efficiency.

An approximate value can be obtained if the process is
assumed t0o occur at consbant pressure.

The increase in volume/unit heat transfer will depend on
whether (a) liquid is being evapora‘bed or (b) vapour is being
superheated.

In the section on volumetric efficiency (pag ze 40) it wes

shown that { oy -é "b 2
gShown that G )\, constant in both the wet and
Increase of volwne .

B‘i:e. Tnorease of enthalpy -

The mean values for this ratio are,
.0233 f£4.3/B.T.U. at 5°P0.
0183 ft.3/B.0.U. at 157,
£0144 £t.3/B.T.U. at 30°F.
And at 59F, the percentage increase in volume of vapour in

cylinder = 0233 X heat transfer/cycle z 100
cylinder volume

= 2,28 x 103/4’» per B,T.,U, heat transfer.
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Speclimen temperature gradient oscillograms .are shown in
figs., G2b anda 6B , .

The figures for heat transfer are necessarily approximate
since they arebased on readings from a single thermocouple.
Comments '

It will be seen that the general form assumed by the cu»ves
of 'Teduction of volumetric efficiency is similar in each cage, >
namely a rapid increase in loss of volumetric efficiency as the -
suction vapour becomes wet followed by a flattening out or fall
as the wetness is further reduced, |

PMig.b | shows the change in the temperature fluctuation as
the wetness im %noreased and :fig.(o4- shows the reduction in
temperature fluctuation when the wetness is such that the
discharge vapour is no longer superheated.

The form of these Reduction in Volumetric Efficiency curves
is therefore dependent on whether the discharge vapour is wet
or superheated. The presence of ligquid in the discharge nmust
interfere with the condensation on the valve plate. This is
most probably due to a liquid film being deposited in addition
to the condensation.

It is doubtful if this ocours at the some condition :on all
points on the cylinder surface although eventually the process
must carry to the entire cylinder. .

The shape of the volumetric efficiency curves is now quite
capable of explanation, that is, a rapld fall in performance as
the guality is lowered, Tollowed by a less rapid fall correspond-
ing to the gradual increase in. = .condensed liquid on the surfaces
of ‘the cylinder wall. :

The existence of this . .condensed film is clearly indicated
by fig.49 in which the valve plate temperature falls rapidly
as the suction vepour condition for 30°F. saturation temperature
is made very wet.

et
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ELECTRICAL ANALOGUR

It has already been stated that a considerable number of
hamonics must be allowed for in the calculation of the cyclical
heat transfer. The method of estimating the temperature
gradient by means of a relaxation pattern, while a practical
method, is not very sultable when o large number of calculations
are reguired. This 1s due to the relatively slow rate of
convergence of residuals.

- It was therefore deemed worth while to investisate the
congtruction of a computing mechanism to calculate these tempera-
turéigradientst An electiical analogue method seemed the most
attrective and the use of a photoformer to provide the cyclical
voltage waveform was decided upon.

The use of electrical analogues involving photoformers has
of course been common for some time for the study of servo-
mechanism problems, as shown by Korn and Korn ( 16 )o The
uge of analogue methods for transient heat flow has however been
restricted mainly to the simple cases of step function and sinu~
soldal boundary conditions,

V. Pashehkis and H.,P. Baker ( 24 ) describe a
method of R.C. networks haged on finite differences as in the
graphical methods of Schmidt ( 27 )e Examples are given

both for one and two dimensional cases with step-~functions and
sinusoidal conditions and also for steady state condltions.

An analogue described by Lawson ( IB® ) made use of an
electronically generated exponential woaveform to feed an
iterated network. In his analytical work, Lawson suggested
that for a prescribed accuracy of the first section of a
network, the length of subsequeht sections can vary in direct
proportion to the disbtance from the surface. ‘

Such an arrangement was declded upon, but since the accuracy
wag/
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was difficult to calculate, a method eimilar to that adopted by
Stevenson and Mitalas ( 32 ) was used to ascertain this,

both in regard to the amplitude and phase-shift of the current
flow pattern. This was expedited by the use of a decade
oscillator and a transfer function analyser in conjunction with a
transfer function resolver.

Pig. 69 shows the amplitude of sinusoidal waves penetrating
from the surface of the material for various frequencies and for
the network arrangements shown in fig, 70 ., Fig. 71 shows the
phasing of the current, i.e. the flow, at the surface for differ-
ent networks. It will be seen that there can be considerable
divergence from_the theoretical 45° phase-shift and that where the
lumping is not uniform, divergence is very great. ‘The graph
"e" shows the best arrangement between the frequency limits of
100 cycles/sec. and 2000 cycles/see., giving 20 harmonics.

This is considered to be of sufficient range to sult the
equipment used iy the measurement of temperature fluctuation.
Phe shapes of the curves are indicated by the presence of small
networks with short time constants in "d" and "e" giving a huup
at high frequencies and the presence in all cases of a long time
constant network at the end of the chaln, giving emphasis to the
low frequencies. The effect on the amplitude of the heat flow
13 not s0 great as on the phase-~-shift as can be seen from

fig. 72 in which reasonable agreement is obtained with all the
arrangements shown, up to quite high frequencies.

The use of non~regular networks where the current flow
rather than the temperature pattern is required must therefore bve
preceded by a careful theoretical or experimental analysis of the
system. It 1s convenient that at the higher frequencies where
the phase~shift is smaller than 45° the amplitude is also lower
than the theoretical., Hence the higher harmonics will auto-
matically disappear. The photoformer used in the actual analogue
has a noise filter fitted, which ligits the output of the photo-

former to about 30 harmonics.
The/



(57)

The feedback photoformer using an opague mask, as described
by Sunstein ( 3D ) was used to provide non-sinusoidal
cyclical voltage variations as input functions for a direct
eledtrical analogue by S.E. Isakoff ( Y )a

The purpose of the analogue was to measure the performance
of pulsation dampers at the outlet fwom reciprocating compressors.

The first arrangement adopted was as shown in fig. 73 .,
A photo-nultiplier cell was acted upon by reflected light
transnitted through a narrow slot from a uniform light source
by way of a rotating drums The drum carried a matt white
surface on which was affixed a black trace whose width was
proportional to the temperature fluctuation. The voltage
variation on the photocell anode was amplified and fed at a
low impeédence to an analogue chain, This arrangement was
reasonahly satisfactory but EUffGF&d from several defects as
noted underi=

(a) the relative reflectivity of the black
and white paper had to be accurately
controlled.

(b) the linearity of the phototube cathode
was assumed to be adequate.

(¢) the light eource was assumed to be
completely uniform.

Variations in any of these factors obviously must detract
from the accuracy of the method and although reasonable lnitial
success was achieved it was eventually declded t0 replace the
ﬁéflected light source with a direct light eource.

This arrangement incorporates the more usual type of
photo-former circult using the photocell as an error-indicating
device to position a cathode ray. It was further considered
desirable o preserve the rotating drum feature of the original
machine/

Y,
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machine, since adjustuent of the btime base trace of an ogseill-
oscope to scan a mask is an exactling operation which incidentally
introduces a fly-back period and the possibility of non-
linearity in the time base sweep.

The rotating drum was therefore replaced by a perspex
¢ylinder on to which an opagque (black) paper trace could be
affixed in the sawme manner as before onitting, of course, the
white backing sheet. The light apot is reflected on to the
photocell by a wnirror-lens gystem as shown in the block dlagram
of fige 74 .+ 'Ihe output of the phototube feeds a D,C.
push=pull amplifier coupled to the cathode ray tube deflection
plates, The signal is taken from one of these plates.

Desiagn of ‘the feed-back amplifiecr was found to0 be rather
difficult due to the large scannlng voltages necessary on the
cathode ray tube, which was run on a fairly high E.H.T. voltage
to give a sharp spot. A Turther difficulty which was not
recogniged until a considerable number of different amplifier
designs had been tried and discarded was the tendency of the
feed~back loop to be unstable due t0 excessive galn.and long
time constant. (F19.75)

The long time constant of Lthe loop was almost entlrely
due to the unsatisfactory photogscanning tube used in the Pirst
arrangement. This was an ACR 10 (green) fluorescence tube
and proved to have o time constant of 426 m,s. It ig thus
apparent that the spot will not faithfully follow the trace at
writing speeds above 50 cycles/sec. The tube time constant
exhibite itselfl as a delay mainly in the deesay of the spot
and not in its appearance. (Fig, 75)

Hence on a forward stroke in which the spot is tending
to be covered, the trace is followed accurately but when the
trace uncovers ‘the gpot, although the plate potential correctly
deflects the spot, its alfterglow causes further deflection,

giving/
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giving a completely distorted trace.

The aceuracy of the instrument is therefore limited by
loop instability and tube frequency responscs

The instability displayed itself as distortion of the
trace which was marked as a alight overshoot al commencement and
complete unrecognisebility under the gain at Lirst adopted.
After the cause of this digtortion was recognised, the solution
wag comparatively simple, being the wreduction of the cathode
potential on the photocell. The high scanning voltages ware
attained by using S.P.61 valves which are high—-slope, high~-
current pentodes. These were connected in a long-tailed-pair
arrangenent with shift facilities on the "dead" grid. This
necessgltated the use of a negative voltage supply to maintain
the input grid at the level of the phototube anode.

The relevant photographs and circuit diagrams for the
photoformer and its associated power supplies are shown in
figo. 76 t078 . It will be observed from fig., 7 7 that the
oubput f£rom the photo=-former is by a cathode follower stage.
This is employed to provide a low impedance source for the
analogue network. The use of such low impedance cathode
followers has been adopted for associated circultry in the
analogue.

Since the analogue 1s used to determine temperature
gradient, the guantity to be measured ig the current flow into
the transmission line representing the cylinder wall, The
currvent flow can be conveniently measured by noting the volbtage
drop across the first resistor in the line, which is proportional
to ecurrent flow, The mogt essential part of the analogue
apparatus, assuming the input voltage to be avallable, therefore
becomes the voltage difference measuring equipment.
Differential Amplifier

The/
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Differeontial Amplifiex
The reguirements here are strict linearity of output with
input over a wide frequency range.

These have been adequately met in the unit shown in fig, 76 ,

Thisg is based on a well known audio-freguency phase
splitting stage firat developed for.medical research purposes
in U. 8.4, and later the basis of several well kanown "High ~
M.delity" amplifier designse

The cross~coupling between the first and second double
valves, provided heavy negative feedback and adequately
compensates for slight assymmetry in the valves and componentg.
The output can be taken from either final valve anode since the
pignals at these points are exactly equal, but in phase opposition.

Balancing is carried out by adjustment of the cathode
potentiometer in the cathode-follower input sections. Hgual
signals applied to both inputs (by strapping them together) give
zero oubtput when the circuit is properly balanced.
Analogue for Radial Flow in Spheres

The accuracy of lumping in an electric circult representing
heat flow in cylindrical and spherical body is discussed by
Pagschkis and Heisler ( 24 ) and the values of resistors and
capacitors used are detevmined from the physical dimensions of
the ceylinders and spheres. It thereforae follows that the
networks are not uniform. This is satlsfactory for dealing
with temperature distribution but when %%%,QOnsidera temperature
. gradient and heat flow it has been found /ALow through a slab
( Fig, 71 ) that the effect of nou-uniformity in the network is
very congiderable when phase relationships are considered,
In dealing with spheres, therefore, it is probably more accurate
to use the transformation U= Ty ana treat the gystem as a
linear network.

In the problem of heat flow to a sphere with a fluetuwating
temperature on the surface, the boundary conditions on the linear
networlk/
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network must be such that at the centre, r=0, the value of U
mast also be zZero. Hence this end of the network will be at
~earth potential.

For the determination of temperature gr-dients we require

the values i%g- and hy differentiatlon of U=tr we get the
expreasion Jit.: - ]
Aav \* Av- \'a

and congidering the wr&dient at the surface and using finite

increments we get At ‘:
(al\r) V‘s Ov Us Vs A]

and in the electrioal terms of a 1umped network

(%l V‘;b‘c er “‘VA}

Referring to the clrcuib diagramn for the analogue, flg 79,
it will be seen that the fraction of the input voltage Vg« fﬁéb
can be taken off by a potentiometer across the input of the
network and that the required dlfferenceI}G-iT:--\vQ>] can be
obtained by using the differential amplifier as for a linear
networlk, It has been found that the proportion of the inputb
voltage must be picked off with extreme accuracy. This is
facilitated by the fact that if a direct current is fed to the
input of the network, the proportion of the input given by Reyks
will be at the same potential as the first iterated- point on the .
network. A micro-ammeter placed across these two pointslon the
potentioneter to be accurately found. euables 11”“ e sy

To complete the investigution on the suitability of the
analogue shown, sinusoidal inputs were applied at the surface of
the chogen analogue chain (i.e. arrangement C,) for varying
frequencies, Amplitude and phase~shift down the chain were
noted, and are shown in figs. 80 ana 8] . Theoretical
curves are shown for comparison, Bimilar curves have been
drawn for the network simulating radial heat flow in spherea.
fhese are shown in figs. 8@ 0895 .,

It/
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It will be observed that the amplitude relationships
are much more closely followed thax the phase relationships
and it is these phase relationships which are the limiting
factor in the use of passive metworks. This has been pointed
out by Stevenson and Mitalas although thelr remarks referred
to uniform networks. It will algo be seen from fig. 8! +that
the use of non-uniform networks can give very considerable phase
digtortion, although the amplitude relationships are adequately
matched for a considerable freguency range. Hence if a complex
waveform is applied to the surface of the network, then it is
important that a congiderable length of uniform network be
placed at the beginning of the chain if phase distortion of the
current of heat flow waveform at the surface and subsequently
down the chain is to be avoided. In suoh cases, it is probable
that the use of an setive uniform network would give better
results,. It will be seen from the above investigation that the
most sultable fundamental freguency for the input waveform to the
phobo~former is about 100 cycles per second.

This corresponds to four diagramg on the drum trace when
the drum is rotated at 1500 revs. per minute. This value is
chosen since a synchronous motbr running at 1500 rev./min. was
fitted to the photo~former. The use of a synchronous motoxr
enables a very steady trace to be shown on the cathode ray tube
since any 50 cycles/sec. interference or hum will itself be
stationary on the tube and synchronisation of the trace for
photography is simplified,
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ELECTRICAL _ANALOGUE
. “BASIC TFORMULAE

For l-dimensional heat flow in an infinite slab,
| X
at_ | . 4T
AT d vt
and for current flow in an infinite cable with zero inductance,

dy L. d*
d T - p\ec‘e a *
These are analogous if oL =2 R Ce and ‘T:'. 7;,

but a change in time scale is possible if ¥VV = 1-/»7'?
is introduced.

Also by writing Re * Rs/é'yt

and Ce & Cs/g*
dv  §xé 4y
AdwnTe = RsCs d »*
Hence St = ¢ wRs Cs
and e«f—i—T A VT
or for sinusoidal components,

wiN = O where N = Thermal frequency
L) = electrical frequency

we may write

For a film resistance represented by R( ’
film thickness = “RA, .
Distance represented by Q‘ = ""ﬁ"“ 8,4

&RS/h 8x
Formulae Used in Constructlgg Theoretical Curves
(A) Por temperature at any depth in an infinite slab, due to

cyclically varyihg surface temperature, 'l"-' "tse'x N/a.l.

or electrically, v =Vs'§y‘JO&5C;¢/@

Phase/
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‘ N,
Phase lag of waveforn, \ VI NI Qe

or electrically, LlJ .'h. ’ Q& Cy

'[‘empera‘tmre gradient at surface is given 'by.
4V
L) = or electrically, —
,,_)_‘ T ore :v',d,( a o 8-/. JRsCs

Phase displacement = 45°,
(B) TIor radial heat flow in a sphere, with cyclically varying sure
face tempemture, graphs are plotted on to a bhase,

Radius
Ratio Outer Radius

¢ ’ TVs (Thermal)

¢ a Vs luD RsCs (Fleetrical)
8 2

Anplitude at any radius is derived from,

Y, Swh (It ¢ %y
Us Swwh (1)@ where U 2 Tv

1' Y's\) . Ys S\\n\\(l ‘|'L)¢ 2’3
Ts Uy ~ v swmw(+0d
= V/VS (Electrical)
Phase lag of waveform is given by,
= st. Swh (‘+;)¢ v/\/:g
Temperature .gmdient at surfaoe,

dt (1+4¢)p Cosh 1+t P - |
(W 6 - vs SwW(l +Y@ 7

(4 v,)s (Electrical)
Phese displucement of gradient curve is given by,

- Aea N (4 8) & Coshi+l)P _
p - R » [ L sm\.(ué)p? '}

.....

and
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EVAPORATION OF ENTRAINED DROPLETS

In a compressor running at high speed it cannot reasonably
be assumed that liguid induced into the cylinder during a wet
suction process will be evaporated before the end of the delivery
gtroke. This has previously been sugcested by Smith ( 29 e

The size of droplet ig difficult to estimate but in the
discussion which follows, droplet sizes of 25, 50 and 80 aicrons
- have been agsumed as representing a reasonable distribution of
droplet diameter,

The prdoesa of heat transfer between the liquid and the
surrounding vapour will occur by evaporation, condensation and
sensible heat exchange. These are illustrated in fig. 86

Diagram "A" shows the vapour transferring heat through a
superheated film and since the surface temperature of the droplets
is lower than the saturation temperature of the vapour, conden-
sation ig taking place, The heat being transferred at the
interface to the droplets will comprise,

(a) the sensible heat of the superheated vapour ('rv “-'"‘)\"

(b) the latent heat of condensation 2\
This heat absorbtion by the droplets must he equal to 'the heat
transfer at the surface given by -MQ.

Diagram "B" shows the droplets evaporating into the vapour stream.
In this case, the A 18 positive but if we examine the general
gxpressiom for the interohange at the surface of the drop
(T"w --‘Tr)\\:, + Ny wg we see that for evaporation,
i.e. a negative value of 7L ) ﬁ:- can be positive or
negative, depending on the value of (’t,»-r')h;

With condensation, however, the value of g7 will always
be negative. This is illustrated in diagram "C". This shows
a negative temperature gradient at the surface gradually reducing
to zero, with condensation or evaporation taking place depending

on/
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.on whether (T'v-TT)L; is less than, or greater than g—% .

The lower diagram, "D" shows the corresponding growth and decay

of the drop size.

It has been indicated by G. Brown ( 5 ) that the
temperature of a droplet in contact with its vapour, is defined
almost exactly by the saturation temperature of the vapour.

To check on this, the condensation coefficients of I'reon 12 under

varying conditions of pressure and superheat were evaluated by

the method of Silver ( &® )., Pig.87 shows these condensation

coeffieients, A typical esiimation of M gives a value of

about 1% of the vapour superheat which is quite negligible. TFrom

the above, it is clear that the surface temperature of dreplets
existing during a compression ¢ycle can be estimated with reasonable
accuracy from the indicator diagram. This is done by taking

the saturation temperature corresponding to the pressure. Knowing

this surface teumperature fluctuation, 1t is posaible t0 calculate

the surface temperature gradient necessary to maintain the tempera-~
ture pattern, |

In order to determine whether condensation or evaporation
is taking place, it is necessary to know the vapour film coeffi-
cient. This is extremely difficult to calculate, but an approxi-~
mation has been made as shown below. This calculation 1s subject
to various simplifying assumptions including:

() The droplets are assumed to enter the cylinder without swirl.
this has been shown by Alcoek ( [/ ) to be correct for
cylinders and pistons of the kind used in the compressor.

(b) It is assumed that compression of vapour continues in an
isentropic fashion as though no heat exchange was undertaken
with the droplets. The amount of superheat actually existing
in the vapour will therefore be less than that assumed in the
calculation, .

(¢) The gas velocity through the suction valve is assumed to be
proportional/
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(¢) proportional to the ratio of piston area to valve port
ared.

‘Relative veloelity between the vapour and a liquid droplet
is determined by considering the drag force and inertia force
acting on the droplet., This drag force has been determined
from the settling speed of the sphere in the wvapour. The
velocity of a droplet of liquid entering during the suction
stroke can therefore be determined throughout the compression
and delivery stroke. Iig.,8®shows the velooity of droplets
at various points during the compression stroke. These curves
are drawn to a base of the point of admission of the droplet
during the suction stroke.

The mean height of these curves gives the mean velocity
of droplets during the compression and discharge stroke.
Curves of mean velocity are shown in fig. &9 . for 25,-50 and
80 microns diameter droplets.

Knowledge of these velocities enables the heat transfer
coefficient between the ligquid and vapour to be calculated.
These are made on the Nusselt -~ Reynolds relations, shown on
fige. 20 Below Re=1000, the expression Nu= 2 +=t>(R¢)‘
is used and above Re=1000, the expression Nwv = 'SS(R:‘ e

The Prandtl number has not been introduced into the Nusselt~
Reynolds expression since for Freon 12 vapour under conditions
obtaining, the Prandtl number is sufficiently near unity for this
0 he neglected.

The electrical analogue was that used to determine the
acouracy of lumping for radial heat flow in spheres (page 60),
The input however, was provided by the photoformer and comprised
a saturation temperature curve for "wet" compression (suction
drynesa 0,7; saturation teumperature at suction 59F; saturation
temperature at discharge 100°F, speed 750 r.p.m.). To sinmulate
conditions/
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conditions in the cylinder as closely as possible, the trace
inserted on the photoformer drum consisted of one oycle of
temperature excursion, followed by one cycle at suction tempera-
ture. This ensured that the condensers in the network were
fully discharged. at the beginning of compression, as would of
gourse occur in ‘the compressor cylinder where droplets at the
beginning. of compression would be at a constant temperature
equal 0 the suction temperature. The time required to cause
the condensers in the analogue chain to be fully discharged was
checked by applying a step funcetion to the input of the chain
and noting the time taken for the last condenser in the chain to
reach equillbrium conditions. This was greatest in the case of
the network comprising 51 K. resiglbors and was about 3 m.g.
(fige 79 ). ‘

Since the eystem is in a steady state for one half revolution
- of the drum i.ee 20 m.ss it may be assumed that the condensers
are fully discharged at the beginning of compression,

When the gteady phase before compression is not allowed,
the alteration in the temperature gradient is seen by comparing
figse Heow andDlb. The oscillograms for the temperature gradients
are shown in fig,De& and the diagrams on fig. 93 chow the
tenperature gradients with calculated values of heat transfer
through the vapour film superimposed. Thegse diagrams correspond
to Diagram "C" of fig. 86 .

In each case it will be seen that during the firgt part of
the cycle the temperature gradient curve is above the heat traunsfer
CuUIve. This means that condensation 1s occuring on the surface of
the droplets. During discharge and re-expansion the heat transfer
exceeds the temperature gradient and evaporation ig therefore
oceuring. On the assumption shat the size of the droplet is
unaltered, the figures of Table ) have been calculated.
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TABLE A
Droplet Dia, - Lvaporation Condensation
(inch) after T.D.C, on drop up to T.D.C,
- () (%)
+001 33.7 10.3
002 36.3 14.8
+003 ‘ 4545 - 1.0

These figures indicate that during compression and discharge
the droplet is virtually unchanged in size and that during the
re~expansion stroke about 30% of the droplet is evaporated, If
it is assumed that all the droplets remain in the clearance
space then the reduction in volumetric efficiency due to the
"flashing" of these droplets can easily be calculated, The curves
of fig. D4 show the reduction in volumetric efficiency based on
the above assumption, Ag the suction vapour condition becomes
progreasively wetter, the degree of superheat during compression
will be reduceds Inecreased condensation on the droplets will
result from the fall 1In sensible heat transfer from the vapour
and a reduction in the "flashing® during re-expansion will also
ogeur, o S
~ The effect of variation in conmpressor speed was investigated
by modifying the speed of the rotating drum of the photoformer
t0 determine the temperature gradient at the surface of the droplets
fig.c)ﬁrshaws the values of temperature gradient and Nusselt
Number drawn on & basig of sgpeed ratio.
It will be seen that the rate of increase of Nusselt Number

ig greater than the rate of increase of heat transfer coefficient
go that the condensation during compression will be reduced and
the evaporation during re-expansion will be increased, as the

f compressor speed ig raised,

| The/
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The variation in these quantities is not, however, consid-
erable, aund since at thé.higher velocities the drop size distri-
bution is probably conslderably modified, it would appear that the
values calculated for 750 rev./min. can be applied over a wide
range of speeds. o

Drop sizes outwith the range considered (,00L" - ,003*" dia,)
have similar characteristics unless (a) the drops are very large,
or (b) the drops are very small,

(a) Very large drops will, by their inertia, impinge on the
waells of the cylinder and form a film without rebounding. This
has been shown by Garmer ( | & ) to apply for droplets of up
to 200 M (.008") diameter striking a baffle plate.

(b) Very small droplets are probably completely evaporated
during the latter part of the compression and discharge stroke.
This is indilcated by the following approximate calculation.

Heat Transfer to Very Small Droplets

If 1t is assumed that there is no relative motion between
the droplets and the vapour, then Nu = 2,

It is further assumed, as before, that the heat transfer
through the vapour f£ilm lg the controlling factor and that means
tranafer will proceed at a higher rate than this.

To simplify caleculation, the process is confined to a droplet
which 48 (1) at a uniform temperature equal to saturation tempera-

ture.

(2) in a constant enviromment 20°F. superheated.

(3) the duration of the process corresponds %o the dig-
charge stroke of the compressor at 750 rev,/min.
(509).

Nu = 2 = h'%

) . Total Heat Transfer
Rate of evaporation of droplet = Tatent Toot
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i.e. rate of evaporation of droplet = h A ©

L
= = dw
at

dw 2

v . .41mme r% (h = 2k )

at T L -d

(a = 41T2)
also W=Ve= 4¢Mrle
3

dw = 4T r2¢

dr - ,
now dr _ dr dw

at dw at

dp 3"

—— g ww eeressmepe—

dt = = r L€
or it = "—E!.e_ dr

ko *
t = + “QEEE for complete evaporation.
20k | o |

3413 x 21.0"'6 = 2.89 x 104 r? for the conditions assumed.

r = 1,04 x 10™2£t,

Droplet diameter = 0.25 x 1073 in.
i.e. droplets below this size are completely evaporated.

This estimate 1s probably high since no acecount has been
taken of the thermal capacity of the droplet or of surface tension
at the vapour-liquld interface. The effect of surface tension
can be considered by using the method of Laine ( (77 ) to estimate
the surface tension for Freon 12 at the conditions assumed,

This 1s low (approx. 10 dyne/cm.) so that the pressure across the
interface is small with only .456 1b./in.2 for a .00l in. dia,
droplet.

Howevexr/
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However, as the droplet is evaporated, the lucrease in
pressure could become significant. Assuning the effect to be
important, when the pressure difference corresponds to half of
the vapour superheat (about 19 lb./in.2) the droplet diameter is
then 2.4 x 10" %4in,

Droplets reduced to this size even from 5 x 10~2in. (1 )
have lost 90% of their mass so that the effect of surface tension
may be ignored in all cases.

Notest~ The distribution of droplet diameter, in the first instance
is determined by the mode of evaporation in the calorimeter as
investigated by Newitt ( 21 ).

The size distribution is further modified by the "baffle"
action of the suction valve reed. The impingement, spreading
and tearing off which occurs at the valve results in a mixture
of large and small droplets, quite independent of the distribution
at the compressor suction manifold.

Examination of the graphs of indicated volumetric efficiency
which would reflect increase in the volume of the expanded vapour
shows that the reduction in indicated volumetric efficiency is
gquite small and therefore the assumptions which have been made
are obviously not correct. It is improbable that all of the
liquid would remain in the clearance space, even when the suction
vapour is almost dry. Certainly when the dryness fraction falls
below about .8 the discharge vapour is wet,.

Garner ( 12, ) investigated the action of baffles on the
liquid particles and it is probable that a considerable amount
of ‘the liguid impinging on the valve plate and piston surfaces
spreads as a thin film and does not leave with the vapour at all.

This liquid film on the cylinder wall would of course reduce
the condensation which takes place when the mean temperature of the
cylinder wall is less than the temperature corresponding to the
saturation pressure of the vapour. This ils reflected in +the
cyclical temperature fluctuations on the oylinder wall which
show/
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show a reducti\on when the discharge temperature falls to the
saturation temperature at discharge, indicating the presence of
ligquid in the discharge stream and possibly an extenslve amount
of liquid on the cylinder surfaces. This has been discussed

on page 'S4 ,




SECTION 12.. | (74)

GENERAL CONCLUSIONS AND COMMENTS

The development of a satisfactory analogue for the analysis
of cyclical heat flow problems has been deseribed. The investi-
gation of the accuracy of passive networks indicated the desir-~
ability of a uniform section at the input end of the network
to avold serious errors due to phase distortion of current flow.
This is contrary to a suggestion by Lawson ( 18 ) probably
referring only to voltage, that lumps of varying length be
placed at the input.

The processes affecting the transition from superheated
suction to wet suction have been analysed and the following have
been inferred:

1) Piston leakage has little effect on the volumetric efficiency
during the transition,

2) The effect of valve leakage was not measured, but the small
change in leakage past the piston suggegts that the action of
the valves will be similarly affected by change of suction
condition.

3) Droplets entering with the vapour at suction may exist and
even grow durling compression but the existence of free
droplets is limited and liguid which remains in the cylinder
spreads on the cylinder walls to be evaporated, in part,
during the suction siroke, causing rapld fall in cylinder
wall temperature.

4) The principal cause of inferior performance during wet
compreasion is oyclical heat transfer between cylinder
wall and charge, the reduction in volumetric efficiency
due to this being approximately calculated from cyclical
temperature fluctuation at the cylinder wall,

Calculation of heat transfer coefficients has not been in-
cluded since, as Overbye ( 23 ) stated, negative values of
heat/
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heat transfer coefficient are obtained.

This was found by the author to be very pronounced when
the suction vapour was wet and condensation or evaporation was
takking placea.

Overbye contended that the assumption of quasi-steady
gtate heat transfer was unjustifiable due t0 thermal capacity
in the fluid, This was supported by Annand ( @ ) and is
in line with the author's findings.

~ The electrical analogue described has been modifiled to
analyse the flow of alr in the lung and is the subject of a
paper by the author ( & )e

Development of the equipment to allow for non-linearity

in airway resistance and compliance is being carried out.
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&

INDICATING MECHANISH

For auccessful indication of a refrigeration compressor,
the mechanism should satisfy the following requirementss=

(a) independe=nce of pressure waveform frequency.

(b) calibration by a static pressure.

(e) insensitivity to ochange in temperature,

(d) sealed against leakage of vapour from cylinder,

(e) modification of clearance volume small or zero.

(f) simple and reliable construction.

The above requirements eliminate the mechanical indicator
due to its poor frequency response and large clearance reguire=
ments. The modified "Farmborough" indicator as used by Giffen
‘and Newley ( |'D ) is worthy of consideration, but in the
cage of a 1" diameter cylinder with minimum clearance, a more
compact pressure transducer is desirable,

This points to some type of electronic indicator and to
facilitate machining, a emall condenser type of pressure
transducer is capable of satisfying the above requirements.

To accommnodate Zero and low pressure indications, a high
frequency modulated carrier wave principle may be employed.

- Tollowing the abeove principles, the indicating mechenism
described below was designed and built,
Electronic Cireuitry

Pig. 96 shows the circuit and block diagrams of the gignal
transducing unit or Element Amplifier,

The block diagram showsa the oscillator and amplifier feeding
two ldentical channels couprising buffer auplifier input stage,
biassing section and demodulator. The output is fed to a
double=heam Cossor DN.C. oscilloscoba.

The circuit diagram shows a series-valve gtabilised power
pack supplying H.T. as 270 V. to the entire unit. Such a pack
reduces ripple to the minimum and assists in maintaining the
frequency/ |
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frequency stability of the oscillator, A Colpitts electron-
coupled oscillator supplied a small R.F, carrier output at
1.6 Me/s. to a tuned amplifier. This freguency is used
since being an intermediate frequency for broadcast radio
recelversg, tuned transformers of high quality can easily be
obtained.

The pentode buffer amplifiers were found to be necessary
to prevent common capaclitences in the two channels feeding
signals from one channel into the other,

The input section coneists of a coil, variable condenser,
the pressure transducing elements and associated cable,

This is followed by a biassing section which removes any
unwanted carrier by operating an amplifier under class "C"
conditions. This is necessary, since under certain eircum-
stances the modulation is only a small percentage of the carrier
voltage. Variable bias is obtained from a potentiometer across
the H.T. supply. The mode of operation is illustrated in
tig. 97 . o |

The output signal 1s passed 1o a diode rectifier followed
by a network to remove any trace of ripple introduced in the
Ho'l adbply. This was found to be barely necessary in the
finel layout of the unit.

The micro-ammeter shown is useful for setting-up purposes
and enables the trace to be set on the screen of the oscillos-
cope with the minimum of difficulty. -

Modulation

The carrier voltage is amplitude modulated in the input
section by varying the impedance of the circuit and thereby
altering the voltage across it.

Pig. 98 (a) shows the buffer amplifier and input section
in skeleton form, and £figDB (b) shows the simplified equiva-
lent circuit. .In this, the coupling of the transformer is
assuned to be perfect. \ N

voltage V= M Eq T%’z— S IUEQ(ROJZ +) /

where 4 = impedance of series parallel network VY, L€C
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{
h V = Eal¢_ Ra \ % } "}
ence /U (v--i-#.\..:t_)("" LD C - woLC
ginplifying to

V= /B-BC where K,4A and B are constants.

K=(v+t)VER/ R

A=+ tLtav) Rk

B =(LtC=<wr)

For maximum rate of change of voltage with change in
capacity dvécﬂhould be maximum.
l.e. K%«-ﬁc)‘- is maximum
and since only C is varlable,
4V tc is maxinum when (1} - BO) is mininum,

[ + 3—%’"’- (cote - WV i ninimum.

Separating Real and Unreal parts,
minimum when [ — %L C=Q (YR anegligible)
which is resonance for the input circuit.

Hence the variable capacitor is adjusted so that the
circuit is near resonance to give maximum sensitivity.

In normal use, the operating condition i1a somewhat off
regonance to maintain the calibration as linear as possible.

The effect of frequency drift is similar to that of
variation in capacity and causes a change in the impedance of
the input section which alters the output voltage. Prequency
stability is therefore of first iumportance,
. Por a small change in ocspacitance, the change in voltage
may be assumed as almost linear, since V an—‘fﬁ and for a small
inerease in C equal %o S C"" ' sc

, SR

i.e. 8V 13 proportional to 8C .

In the pressure transducer element, the movement is small
compared with the gap between the pin and the diaphragnm, so
that/
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that the change in capacitance is almost proportional to
change in pressure.

thus:—~ «2

capacity of element = —;I-where K 1s distance between

plates of element.

displacement due to pressure = m‘o

hence for a pressure P the capacity becones, %ﬁ"\mp)z
o'y the change in capacity = 2 mbp Alfx3
which is proportional to |o .
lee. the change 1s pressure is approximately proportional to
the change in voltage at the output of the unit.

The indicating mechanism described proved to be extremely
sensitive and provided a "warming-up" time of about two hours
was allowed, the stability of the equipment was adequate., To
improve gtability, the use of crystal-controlled oscillators was
congidered. Since this involved a complete re-design of the
equipnment, opportunity was taken to employ the most modern
electronic technigues.

The rather simple circuit shown in fig. 99 was evolved.
Two such pleces of equipment were of course required and to
avoid interaction the crystal-controlled oscillators were set

at eglightly different frequencies. The response of the unit

t0 a suddenly switched-in capacitor is shown in £ig.100,

This response shows an excellent zero-frequency and high frequenc;
characteristic,
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ALR  CIRCUIT TESTS

It was decided to carry out a series of tests on the
compressor using air and the working fluid. The purpose of the
tests wag two-fold:

() as a weans of developing a suitable indicating

mechanism.

(b) to observe the characteristics of the compressor

over a range of apeeds;

It was early evident that available methods of measuring
the air flow were inadeguate for the small quantities delivered
by the compressor.

Orifices form a convenient and accurate unethod of steady
flow measurement but the flow through the smallest standard
orifice (0.25 in. dia.) was insufficient to exceed the critical
Reynolds Numbexr for the orifice, as well as giving a quite
inadeqguate head on the manometer.

A range of sharp—edged orifices of small diameter operating
over sultable ranges was therefore constructed and being outwith
gtandard dimensions were calibrated individually.

The method of calibration is outlined and curves of
coefficient of discharge are included in fig, I1TT&IIS,

The orifices were calibrated in the approach tube used
during the tests to maintain accuracy.
sumnmary

After'uging the test layout to develop the indicating
mechanism described under its own heading, the following series
of tests were carried out on the compressors-

(a) constant gpeed and suction pressure - varying

pregsure ratio,

(b) constant suction pressure and pressure ratio -

varying speed.

(e¢) constant speed and pressure ratlo-varying

suction pressure.
Actual/
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Actual and indicated pewxformances are measured and
illustrated on %he various graphs.

Descriptions of the apparatus, test procedure and reduction
are appended slong with sample calculations,

Complete sets of readings e¢tec., are not included but are
illustrated in graphical form.

- It can be gtated also that the compressor 1s a standard
production model, designed to run at 600 r.p.m. and as can be
seen from its performance, was exceedingly efficient_even at
speeds of 1750 r.p.m., though the balance of ithe reciprocating
nasses lLeft something to be desired at such a speed,

This was remedied to a great extent before the series of
tests on the cefrigeration circuit was carried out.

Apparatus

FPig, |06 shows the line diagram of the apparatus.

The compressor and indicator mechanism are as used in the
refrigeration tests,

The suction manifold enables the pressure of the suction
gas to be controlled either by throttling the wmain suction valve
or by applying high pressure air from the large tank shown.
Connections from the suction snd discharge service valves 1o the
auxiliary compressor are used in calibrating the indicating
mechanism. . ‘

Flow measuring equipment and its calibration are described
at the end of this appendix.

suction and discharge temperatures and pressure are measured
by thermocouples and calibrated Bourden-type pressure gauges.
Vacuum is measured by a mercury manometer.

Test Procedure
During tests at atmospheric suction pressure, the main

suction valve was kept wide open except during pressure element
calibration. The discharge pressure is adjusted by the throttling
valve/
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valve at ‘the approach tube inlet.

When gteady conditions obtain, readings are taken
gimultaneously and then an indicator diagram recorded on ‘the
drum canera. The compressor is immediately stopped and
atmogpheric pressure obtained 1in the compressor by closing the
discharge service valve and moving the pigton to B,D.C. when
the suction reed valve falls open and renders the cylinder open
0 atmosphere,

The correctness of this was checked by connecting the
cylinder of a similar compressor to a pressure gauge. It was
observed also that the suction gauge recorded the eylinder
. bressure even when a high pressure was malntained on the compressol
dlischarge. This is wutilized to obtain a datum line on the
diagram when the compressor is in the refrigeration test circuit.

Thig datum is racorded on the indicator diagrams and the
camera is removed from the oscilloscopé when air from the
pressure tank is admitted to the cylinder and corresponding
readings of suction pressure (equal to eylinder pressure) and
gpot deflection on the oscilloscope screen are noted,

A great deal of time cannot be allowed for readings, as
due to the high adiabatié constant of air compared to I'reon 12,
consideravle cylinder heating takes place.

Where suction pressures are above atmospheric, the main
gsuctlion valve is partially closed, suction gas being provided
from the high pressure supply tank whose compressor is run
continuously. Ixcess discharge from this compressor is passed
to atmosphere through the main suction valve which acts as
a suction pressure regulator. Calibration is carried out a®
in the previous case. -

Tor sub-atmospheric suction pressures, throttling of the
supply to the manifold enables the desired condition to he
attained, The calibration procedure is slightly waried for
sub~atmospheric pressures, since these must be supplied from

a/
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& vacuum Source.
To maintain the suction reed value open, the byepass
valve across the suction and disgcharge service valves is
opened. This byepass connection is across the pressure
tappings and when the service valves are closed still maintain
contact with the compressor head. The suction connection of
the service alr compressor provided a convenient gource of
vacuum when partially closed.
A small "Tarnborough" type element was ultimately
constructed, as shown in fig.logso that a datum could be ob-
tained without disturbing running conditions, A The back=-pressure
port wag put into connection with the suction manifold so that
the points on the c¢ycle where suction pressure was attained
could be shown, This element was used in later tests both
with air and with refrigerant. In this ingtance, the drum
camera was dispensed with and the Cossor 35 m.m. camera was
used in its places. The oseilloscope therefore displays on one
channel, the pressure diagream and the other channel the datum
pressure diagram, together with a phase-mark. This datum
pressure element was used in conjunction with the indicator
element described on page |1 and shown in fig. !> ., Since
this element is callibrated by means of a back-pressure and the
datum is properly phased by the "Farnborough" element it will
be seen that calibration can be carried out while the com~
pressor is ruaning, Photographs of the apparatus are shown in
fign. 104,107,108 , |
Leakage Measurement

Leakave o=t whe piston is measured in the same manner as
for the refrigsration compressor, using the same apparatus
for the purpose,

Cyclical Temperature Measurements

Heasurements of cyclical temperature fluctuations on the
valve plate when air was used as a working fluid, was not
possible/
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poasible while the Joubert contact was in use, due to the
trangsient nature of the air tests. It was possible, however,
to take such measurements when electronic recording by means
of the Cossor preamplifier and oscilloscope was adopted.
Comments on Regults

The results of theme tests are shown on the graphs,
figa./09 to 114, _

The graphs of actual performance are iuteresting in that
the volumetric efficiency on a basis of speed does not show
a maximum value even at 1750 r.p.m. while below 750 r,p.m. the
performance falls off considerably.

Indicated volumetric efficiency is almost constant over
the entire apeed range. .

The curves drawn on a basis of pressure ratio show the
falling off in performance as the pressure ratio is increased.

On a basis of suction pressure a maximum ise attained. This
is reached, because at low pressures, logses in the vaives due
to blow-by and inertia are increased, while at high pressure,
the leakage due to large pressure difference across the piston
and valves becomés important.

Indicated performance shows a slight rise as the suction
pregsure is increased, .

Indicated power curves, as taken from the 1nd10ator Adig~-
gramg, are in excess of the power requirements for adiabatic

compression, This is due in part to the large pressure drop
across the discharge valve and also to leakage effects.

Leakage flgures are discussed in conjunction with the
results for leakage of refrigerant (Page 48 ),
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Qrifice Calibration

The sharp-edged orifices are based on B.S.S. 1042-1934 but
due to the small dlameter, these were calibrated individually
and the calibration rig utilized the apparatus of fig.!lS . This
shows & small compression unit feeding air to a pressure tank
fitted with a pressure gauge.

This tank is connected by a very short length of pipe to the
control valve and approach tube, The approach tube is 4ft. long
and 34" diameter with an upstream pressure tap conforming to B.S.
recommendations at 33" from the orifice. The downstream side of
the orifice is open to atmosphere.

The arrangement from the control valve is therefore the saue
a8 in the compfessor test unit.

Theory

If air is discharged from a tank in an isothermal wumanner,

the rate of flow is derived from the general gas law, P'\ﬁWRT:

rate of flow"fdw d bV
AT % AT RT
N dpP
“RT AT .
i.e. the rate of pressure drop is proportionsl to the mass flow.

Theoretical flow through the orifice is obtained by using
the formula derived by Sneeden ( 3| )e

Theoretical flow: where P is the pressure at

A W .64 dl(P"‘)lL the orifice throat.
dT T /;QC- T is the temperature at th

orifice.

h is the manometer head.

d is the orifice diameter,
| Note: P is 1b/in? absolute
d is inches.
And co-efficient of dlscharge = Actual Flow
Theoretical Flow

Reynolds/
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Reynolds Number. for the orifice flow is given by the expression ;Ln
B.5.5., 1042-1934,

Re = ‘7)/535 dr-’ where L in flow in 1b/hr.
d 1s diameter in inches
N is viscosity in 1lb.sec/f3
Procedure '

The volume of the tank and pipe to the control valve was
obtained by carefully weighing the tank empty and when filled with
water., After coupling up to the control valve and approach tube,
the circuit was leak-checked and the tank charged to 1001b/inZG.
and the control valve opened to allow air to flow through the orific
under a head of about 30in H0.

Corresponding readings of pressure, ocvifice head and time were
taken at convenient intervals,

Tor each orifice, a series of 4 tests was run and a sample
set of readings along with an appropriate analysis is given below,.

) The graph of manometer head to a base of time is plotted as
in fig. e . and the corresponding values of da/?- obtained by
utilizing the Newton=-Gregor formula.

ol ‘ L,y
ATdr,': = \/ Vo "iv"\)o“‘ "!!,v Uo—kﬂﬂ--ﬁ-

3
A‘le:. = AU = TDVU, + T AU, ~ = —

where VPUg ete., are successive differences.

The values of d%?_, obtained from this calculation are also
plotted on the curve of figs /[ {p »

From these two curves corresponding values of manometer head
"h" and d%ﬂ' are taken.

The mean values of dzia-fﬁr a serles of tests are estimated

and the coefficient of discharge of the orifice calculated,
The/
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The curves of fig.| |7 show the coefficients of discharge
for each orifice on a basis of manometer head and fig. | 1 & shows
these on a basis of Reynolds' Number,
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" CALIBRATION TESTS

| As. already sgtated, pressure gauges were calibrated at
freQﬁant intervals to ensure accuraoy and similar procedure was
ado%ted for the thermocouples and the evaporator unit. The
flowmeter used in the main body of tests was not capable of
being calibrated since the element was directly immersed in the
refrigerant. = Cross checking with the evaporator’ when the suction
vapour was. superheated showed the mass flow to be within 2% of

ach othexr, This was assumed to be satisfactory.

A ghort series of tests was carried out using a flowmeter
incorporating a ﬂryrotenax“ element inserted in a “Pyrex" glass
tube and this particular flowmeter was calibrated using water,
as shown below. '

Calibretion of Flowmeter

In order to calibrate the flowmeter, the arrangement of
fig.! (9 was adopted. The water was supplied from a constant
head tank and the output to the flowmeter finely adjusted by a
needle control valve. The water leaving the flowmeter passed
through a glass orifice tank with a very finely drawn jet so
that the flow of water could be observed at all times. This was
found to be necessary, since the slightest variation in the
resistance characteristic of the flowmeter could cause a wide
variation in the flow of water, even although this was supplied
by a constant head tank, . "The incorporation of the little orifice
tank enabled continuous adjustment of the_control valve to be
made and the mean level of liquid in the orifice tank was always
maintained within plus or minus .5 c.m. of 60 c,m.

To carry out the calibration, the flow was maintained
constant and the power input adjusted to give a suitable rise in
water temperature, Conditions were allowed to seiile for at
least four hours before readings were taken. These were repeated
at 15 minute intervals over the period of an hour $0 ensure
complete/
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complete gtability, The results of these tests are shown in
the table belows |

Electrical Water - Water

_Run No. | Heat Input Temp. rise| (c.c./min) | Loss %
1 2,208 16.44 64.2 - Q.10
2 2209 - 10.87 92.2 + 0.04
3 2,228 8,18 122.1 + 1,40
4 1.069 16.25 30.4 + 1.00

The greatest loss is 1l.4% and the scatter of results is such that
the losses in the flowmeter have been ignored since even although
an efficient oll separator has been inserted in the refrigera~
tion circuit, it must be assumed that some oil will circulate.
The degree of uncertainty due to this factor is probably greater
than the degree of inaccuracy in the uneter itself.
Lvaporator Calibration ‘

This was carried out in the eimple manner as described in
B, S.8. 3122:1959, para.l3. The ambient temperature was the
mean of four thermometers placed around the evaporator and the
electrical heat input arranged to give a temperature rise of
about 250F, After steady conditions had been achieved, readings
were taken at half-hourly interyals and the mean of these values
are shown in the table below:

o Ambient | o Shell | " Eleectrical Leakage
Temperature Temperature | Heat Input | Coefficient
or. or. BTU/Min. BTU/M4in. OF,
69 3 93, 6 0.499 0,0205 |

Thermocouple Calibration

Thermocouples were calibrated by means of melting ice and
steam at atmospheric pressure. The calibration curves were
congtructed from tables in "Temperature - its Measurement and
Control in Science and Industry", ( 34 ) using a deviation
constant, i“*
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SUMIMARY

The investigation was earried out to deternmine the relatis
importance of the factors affecting voelunetrie effieciency
during the transition from “wet® 4o "dny" compreasion, when th
refrigerant 1o Freon 12 and the conpressor,runaing ot high 4
spead,

Experinental toohnigues were developed b0 mensure piston
Leakage and the fluctunting oylinder wall teuperatures. Lhe
development of an electrionl analogue and rototing drum photo-
formey in described,

Pleton leskage was nmeasured by noting the rate of pressur
rise in o eylinder connceted to the sump of the compressor,
while the presgure in the susp was maintained congbtont. The
inerenpe in leakage as the vapour conditlon at the suction of
the eonpressor was taken frouw the superhented £isld $0 the wed
£ield wan oalouleted,  Although the leakage lnereused by abou
309% Asgeing bronsition, the total lonkage was 90 small that the
effect on the volunetrie effinicney wan 1taelf quite negligibl
beakoge paat the plsion of miscible Pefrigerant was coumpared w
the leakage past the piston when the working fluld was alr and
it waa concluded that the diluting effeect of the relrigerant o
the lubricating oil had n decigive effect on the pattern of
leckage Llows

To measpure the oyoelical heat flow between the vapour and
the gylinder wall, a true surface thermocouple was used. Due
40 practical Alfficulties in malnteining a nickel £ilm aeross
thae thermocouple elements, reoourse had to be made to conobout
a8 the thermocouple elemend. This was set in the compressor
valve plate, The consideravle difforsnce between the thermal
diffusivitics of the valve plete moterial (cast-iron) and the
constantoan wirae rvequired thet o careful investigntion be nmade
of the characteriotics Of such an aerangement. By using an
electrionl/



electrical annlogue of the thernocouple 1t ile shown that thia
theraocouple nay be used over a wide range of freguencles and
heet tranafer coefflolcntu.

A 2-dimeonsional eleotricnl analogue was also used o
investigote the effect of lrreguloritico at the junction of a
thernocouple when used t0 measure fluctunting teuperatuves,
This investization showed thaﬁ'lmr@& grrors wore posslble and
indieated the unsultobility of “peeneﬁ“ thermooouples for such
PULHOBES, |

The development of a sultable phatdfermer and electrical
annlogue network to simnlate the hoat flow through the eylinder
wall was carried oubt., Freguency limits on passive electrical
analogue networks used to deternine heat Llow, as opposed to
temperature distelbution, have heen noted. The inaccuracies
due t0 phase distortion in non-uniform anetworks are neanured on
on snalogue to simulate the radisl flow of hest in o sphere wa
congtructed. using a uniform network. In this coase the trana~-
formation U = tr woo adopted and the temperature gradient wap
neasured directly from the analogue. |

Calaoulation of the heat flow to liguld droplets entrained
in the suction vagour showed that during the compression proces

| condensation oould acour on the surfoes of the droplet, but

that during the lotter part of the discharge period and Quring
the re-oxpansion thaet evaporation takes ploce. It was counelud
that since the indlented volumetric efficlency of the compresso
A1ld not very grently as the suetlion enthalpy was reduced, ligul
in the eylinder at the end of the discharge stroke was mosily
deposited ag a £1iln of the eylinder wall. Deoepoasition of such
1liquid from the vapour reduced the rate of condensation and
subseguent re-ovaporatlon.

Pigures of heat tronsfer coefficient between vapour and
the eylinder wall have not been inoluded in the thesis oince it

ae/



wass found that negutive coefficlonts were obtalned at certain
points in the strokes ' This corresponds 10 work carried out
on internal combustion enginesy, Lrom which it was deduced that
a quasiwotendy state heat transfer coefficlent is lnvalid for
tranaient heat tranafor, This was assuned to be due $0 the
themaal copaeity of the fluid.



NOMENCLATURE

Area

Capacitence/unit length
Capacitance/section
Diameter

Enthalpy

Head, Condensation coefficient

Vapour film coefficient
Thermal Conductivity

Flow, Inductance, Latent Heat

Frequency (Thermal)

Time se%;e multiplier
Pressure

Charge on Condensex

Gas Constant, Resistance
Resistance/unit length
Resistance/section

Input Resistance

Radius, Resistance

~ Scale Factor

Temperature (abs.)
Temperature .
Surface temperature

Specific volume, Volbage




NOMENCLATURE

Vs Surface Voltage
V4 Input Voltage
W Weight

x Distance

Yy Ordinate

GREEK SYMBOLS

Thermal diffusivity

Digtance represented by measuring
resistor :

Temperature difference

Temperature drop across condensing
film, Order of Harmonic

Viscosgity; Amplification factor of
valve

Saturation temperature, 3.1415 ...
Specific welght

Time, Time Constant, Period
Vg
&L 7

Phage displacement '
DIMENSIONLESS PARAMETERS

Entropy,

S« we1v2J T vy o DR

Nu Nusselt Number
Pr Prandtl Number

Re Reynolds Number
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MASS PLOW METER (SIAITH) Fig.2.
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REFRIGERATOR CIRCUIT DIAGRAM (SMITH) Fig.3.
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CROSS-SECTIONAL VIEW OP THE COMPRESSOR Fig. 9



VALVE ELATE SHOWING PRESSURE ELEMENTS 4 SUCTION REED

Pig. 10.
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VIEW OP MOTOR COMPRESSOR UNIT Fig. 14.



VIEW OP ELECTRICAL MEASURING EQUIPMENT Pig. 15



PREON/OIL SEPARATOR Pig. 16.
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EXPONENTIAL DECAY TRACE, Pig.35a.

Response at
1000 rev./min.

Response at
500 rev./min.

RESPONSE OF PASSIVE CORRECTION NETWORK, Pig.35b.
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Cycles of
Temperature
Excursion.

Uniform
Temperature
at "beginning
of Compression.

COMPARISON OP SURFACE TEICPERATURE GRADIENTS ON DROPLETS.

Fig.91.



Droplet
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TEIEPERATURE GRADIENTS FOR DROPLETS Fig. 92.
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Response
Curve.

Timing Trace.
(50 / sec. ).

RESPONSE OP ELEIVIENT PICK-UP UNIT Pig. 100.



TYPICAL PRESSURE & CALIBRATION DIAGRAMS.

Pressure &
"Parnborough”
Diagram.

Calibration
Diagram.

Pig.101.
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ARRANGSIZENT OP AIR CIRCUIT Pig.104.
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