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Abstrac

' The purpose of this investigation was to examine’ the relative
importance of factors affecting the volumetric efficiency of small refri-
geration compressors with particular reference to blowback effects at the
suction valve. The overall volumetric efficiency being recognised as
an unreliable indication of the relative importance of component losses,
the separate losses associated with the action of unclamped, reed type,
compressor suction valves were analysed and measured,

The main factors affecting volumetric efficiency were assumed to
be heat transfer between fluid and cylinder, re-expansion of clearance
volume vapour, throttling at the valves, blowback past the valves while
closing, leakage past the piston and leakage due to imperfect seating of
the valves, A review of previous work indicated that the loss due to
blowback was worthy of attention though no experimental results were
available owing to the difficulties attending the measurement of this
quantity.

A theoretical study of the problem of blowback past the suction
velve was made and methods of analysis devised by which blowback quantities
could be predictedes The approach of previous workeis to the dynamics of .
valve action was not followed as it proved invalid when applied to those
parts of the cycle where blowback occurred.

New experimental techniques were developed in order to make direct
measurements of blowback 1‘osses in a small open type compressor. Initial
tests were performed in which the suction wvalve of an otherwise conventional
compressor was operated by electro-magnetic means, This method did not

prove sufficiently accurate and an A.C. operated constant temperature



hot-wire anemometer was developed to indicate gas valocities in the

suction port,

- ‘Th-e .anémc-:me-tér,. iﬁ cohjunc‘ti‘on' with valve motion nieéstireh:ehté, |

was used to investigate the effects of speed, valve 1ift, valve thickness,
valve end freedom and fluid density on blowback. From the records obtained
it became evident that the anemometer diagrams could also be used to give
rapid and accurate measurements of re-expansion and throttling losses,

The results showed that a combination of light valve reed and low lift
produced the greatest efficiencies in practice. The loss due to blowback
was also much reduced when pumping dense fluilds,

Some tests were carried out on a small modern "hermetic" compressor
and these indicated that the anemometer could be applied to investigations
on such sealed units without undné difficulty.

Detaile are also given of a new type of compressor which was
designed on the basis of the | data obtained in the investigation. The

main featuresof the design are the reduced throttling and blowback losses.
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Nomenclature used in connection with anemometer.

gas velocity
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gas temperature
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time constant of wire
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COMPONENT LOSSES IN REFRIGERATION COMPRESSORS

CHAPTER 1

INTRODUCTION AND GENERAL REVIEW

1. 1 Introduction.'

The development of the science and practice of refrigeration
benefited greatly from the work previously carried out in the field of
thermodynamics and applied to improvement of the theory and practice of
power engineering. Thus, refrigeration techniques kept pace with the
machinery and working fluids available in their day in a mammer which
is a distinct contrast to the early gropings of steam power engineering,
In recent years, however, the increasing market for compact refrigeration
eduipment and the new materials and manufacturing techniques available
have led to rapid changes in design whi?:h involve increased speeds and
reduced dimensions. The effects of these design changes are not yet
fully understood and modern compressor efficiencies are often surprisingly
low. (18b).

It is generally conceded that the losses affecting refrigeration
compressors are interdependent and of a complex nature so that overall
efficiency figures do not usually give a clear indication of the reélative
importance of the various losses, Thus, in order to provide data for the
rati;nal desgign and development of compressors, it is necessary to separate
and measure the component losses associated with these machines,

The fact that refrigeration equipment must be designed to meet the
conflicting requirements of cost, efficiency and reliability means that
practical designs invariably embody a good deal of compromise. However,

it is felt that investigations of the type described in this thesis are
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of most value when they approach the problem from the viewpoint of
efficiency alone, providing the designer with sufficient information to
enabie himvto work 6u£ fhé bes.t éoﬁpioxhiée foi- hizhsélf. ~ For this 're'a'sbn;
though an experiment in compressor design has been carried out, it is not

included in the main body of the thesis but can be found in Appendix VI,

{. 2 Losses in reciprocating compressors.

The main ci'iteria of compressor performance are the coefficient
of performance and the volumetric efficiency, The coefficient of perform-
ance, which is a function of friction losses as well as of the type of
cycle employed, does not fall within the scope of the present work, but
it should be noted that conditions which, according to simple theory,
give high Thermal Efficiencies may be inadmissable owing to unfortunate
secondary effects, "Wet Compression" is a case of this typee Volumetric
efficiency which can be defined as

Volume of vapour, at suction conditions, pumped per unit time

Volume swept out by piston per unit time
is the property which is the main concern of this thesis,
The main losses affecting volumetric efficiency are caused by -
1. Heat transfer between fluid end cylinder
2. Re-expansion of clearance volume vapour
3. Valve throttling
4., Blowback past the valves while closing
5. Leakage past the piston
6., Leakage due to imperfect seating of the valves
The first investigation into the effects of cyclical heat transfer

on the volumetric efficiency of Refrigeration Compressors was carried out



(3)
by Wirth (26) 1932 using a large, slow ru.nning ammonia machine., This

ploneer work was followed by three other investigations also using ammonia
‘compressors - by Smith (22) 1934; Giffen and Newley (10) 1940 and by
Lorentzen (16a) 1949. All these workers found that the volumetric
efficiency improved to a marked degree as the enthalpy of the suction
vapour was increased from initial values 1n the ‘wét yfi‘eld.‘ ‘Fdliowﬁ.ﬁg
this work on relatively slow-speed ammonia machines there have been two
publications on this effect in small high speed Freon 12 compressors;
by Brown (4) 1951 and Gosney (11) 1953, A similar marked rise in
volumetric efficiency as anthalpy increases is noted by each investigator
and their results are remarkable in that the actual volumetric efficiency
continues to rise as the enthalpy is increased within the superheat field.
This feature is not so apparent in the results quoted for ammonia
compressors and may indicate the presence of liquid droplets in the super-
heated Freon. It may, on the other hand, be the result of an action of
the completely miscible Freon on the o0il film coating the cylinder walls.
An attempt has been made by Brown to determine the actual heat transfer
coefficients obtaining between the charge and c¢ylinder wall and thus to
elucidate the mechanism of heat transfer.

Losses associated with the functioning of automatic compressor
valves have been the subject of much study, though, in general, present
day configurations are largely the result of an empirical approach, Early
investigations of these losses attempt to relate static flow tests to actual
operating conditions without conspecuous success. The tests of Lanzendorfer,
(15) 1931, and Fuchs, Hoffman and Schuler (9) 1941, were of this type
and their main value would appear to be in indicating desirable shapes

and dimensions of porting arrangementss In passing, it should be noted
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that there is some douht if tests using hydrodynamic mod.els with suitably

chosen fluids and velocities give results which can be directly applied

to the flow of refrigerant vapours throu” valve assemblies, as it appears
that such flow is a function of the dimensionless Kach and Fpoude Numbers
as well as of the more familiar Reynolds* Number, Further results of
tests with large wooden models in a low speed wind tunnel have been
published by Hanson (12) 1945,

A fresh approach to the problem was made by Costagliola (6) 1949,
who was able to express the dynamic valve losses mathematically by making
a number of simplifying assumptions. Unfortunately, however, his method
does not lead to linear differential equations and solutions have to be
obtained by graphical methods. There appears to be good correlation
between Costagliola* s experimental and predicted results. Because the
labour involved in valve analysis by this method is prohibitive, MacLaren
(17) 1955, adopted a simplified form of Costagliola*s equations though,
in the author*s own words, "Thesjnplification is more apparent than real.**
MacLaren showed too, that valve flutter is likely to occur and this renders
step by step solution of the equations invalid because of the cumulative
effect that errors produce at points remote from the starting point of
the solution, A surprising feature of MaclLaren*s results is the relatively
small effect of valve throttling losses on volumetric efficiency and this
has directed attention away from these losses to leakage and heat transfer
losses.

The loss due to re-expansion of clearance volume vapour is well
known to engineers and great care is taken to reduce the clearance volume
of modem compressors as much as possible.

As far as can be ascertained there is no previous experimental
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work on the loss caused by blowback past the automatic valves while they
are closing. In theory this loss can be deduced from the analyses of
Costagliola and MacLlaren but in practice any such computation is of doubtful
value, particularly if flutter occurs. Both Costagliola and MacLaren
assumed a definite spring stiffness associated with the valve and, while
this is the case with most discharge valves and with disc and ring-plate
type suction valves, the normel suction valve in small high-speed compressors
is a thin metal reed set loosely over the suction port, not being clamped
at either ends This type of construction, which has been arrived at for

a number of socund practicel reasons, will, of course, tend to aggravate
blowback losses.

Leakage past the piston is another loss which hag not received very
exhasustive experimental treatment. A certain amount of work with reference
to internal combustion engines has been published including papers by
Williams and Young (25) 1939; Dykes (7) 1947 and Aue (2) 1954, but the
vastly diffel.':ent speeds, clearances and fluids make this work of only
slight application to refrigeration. Gosney (11) refers to losses of
this type, estimated more or less incidentally during his tests. Un=-
published work by Brown (R.C.S.T.) discloses a satisfactory method of
measuring this leakage and shows its dependence on suction enthaply and
0il condition. From the foregoing tests it can be concluded that, under
normal operating conditions, loss of efficiency due to piston leakage is
slight,

Leakage due to imperfect seating of the valves is difficult to
estimate under working conditions and experimental results are not
available. A paper by Higham, (13) 1942, is concerned with this problem

from the practical point of views Compressor manufacturers usually check
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the static seating of individual valves and re-build faulty assemblies,
Examination of published work concerning refrigeration compressors

reveals that concern about the individual factors affecting volumetric

efficiency is of comparatively recent origin and that careful experimental

examination of the processes taking place within the cylinder is an even

more recent development, stemming principally from the researches of

Brown (4) Gosney (11)and MacLaren (17). The comprehensive paper in which

Lorentzen (16a) displayed results from a wide variety of compressors was

of considerable reference value and the development of electronic indiecating

techniques since its publication suggests that a similar paper summarising

the present state of knowledge and technique would be of value,
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CHAPTER 2

- OBJECT AND SCOPE CF PRESENT WORK

The foregoing review has indicated the need for a detailed investigation
of the various losses which affect the efficiency of modern compressors, ‘
A certain amount of work has already been done in this field, (Refs. 5,

4, 10, 16.), but the losses investigated proved, in general, too small
under normal operating conditions to explain the relatively low volumetric
efficiencies accepted in the Refrigeration Industry. For example, the
throttling losses during the early part of induction, which can be accurately
estimated by the méthod of Costagliola are small compared to the losses
due to underpressure and valve inertia at bottom dead centre. These
latter losses occur at a point in the cycle remote from the valve opening
end are difficult to compute accurately, particularly if any oscillation,
transient or otherwise, of the valve occurs, It is desirable, too, that
investigations into the behaviour of suction reeds of small highespeed
compressors should consider the practical case in-which the reed is not
clamped over the port but has several thousandths of an inch freedom of
movement at the "hinge" end, As this type of constraint increases the
degrees of freedom of the valve and causes the spring stiffness to act in
a non-linear manner upon the valve's reaching the limit stop it is apparent
that clear experimental results asre required in support of any theoretical
approach to the problem.

The research programme for the elucidation of these losses developed
along the following lines:

i« A Preliminary Investigation was undertaken to determine the

approximate smount of blowback taking place, By electro-
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3.

4.
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(8)

magnetic means the suction could be closed at any position

and the resulting changes in performance could be measured.

Atten‘l:ion was then d:.rected to the development of techniques

by which the losses occurring with the piston near bottom dead
centre can be measured with minimum trouble and sufficient
accuracye. This work was mainly electronic, and it is dealt

with separately in Appendix III,

The direct measurement of blowback under various operating
conditions was next undertaken. This was done by indicating

the gas velocity in the suction port using a constant temperature
hot-wire anemometer and comparing the volume induced per cycle
with the reversed flow quantity.

A theory was developed by which the losses studied experimentally
could be related to the conditions under which the compressor

was operating during the experiment,

Valve designs were considered, to eliminate, as far as possible,
the losses encountered in this work. As this is more a develop-

ment than a research problem it has been treated in Appendix VI,
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CHAPTER 3

THEORETICAL ESTIMATION OF BLOWBACK PAST SUCTION VALVE

1

Assumptions made in theoretical analysis.

It is assumed that @
(1) Valve is a flat disc without spring stiffness,

(2) As blowback occurs with relatively low piston

velocity, flow is incompressible.

(3) Losses in the passage between valve and plate can

be neglected,

(4) The pressure diétributidn on the valve is as shown
in Fig. (1). i.e. There is no recovery of pressure

at the port entrance,

(5) The velocities in the cylinder are small compared

with the velocity between valve and plate.

(9)
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(10)

3¢ 2 General derivation,
From the pressure dlstrlbution assumed in Fig. (1) the following

relationsh:.ps can be deduced

R 2
PV vv — L -YL — .
) + 23 . + > 5 )
—\'A\Z’ - ~ ‘a"" R (Sa.g) '— (R)
pc - pv — v
T w — 3 — @

The total force on the valve is,
“Tv
2 a
YovpP. - %DvPr - J(P-PT) Rurdr

e
Using the relationships (1) (2) end (3) this reduces to,

Vi*
'ﬂ'ﬁz[m 3 + P'r + 23 (v'r vv )]

2
| e (7R = 11’3\/1' [‘/Z(Tv""'-':r )_T:r/&jeR]

which equals

Tl'(:ov'r‘f"r

2o [1+ 2Ly R] —w

As is to be expected, the force on the valve is proportional to the

square of the velocity through it, for any given set of conditions,
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It is now possible to derive the critical velocity required to

commence closure of the valve, and, as the flow is assumed to be incom-

'pi'es.si'ble, thié cva.p' be related to a definite 'pi'stbn'spee'd and position

after bottcn dead centre.

For critical conditions

W, — w\/r"ﬁ'_ [l *ZleﬂeP\]

\/ 2 q Wy , (5)

o‘,c vT . ™ W 't: [ l +2’&3QR]
v A .
also V'r = elp - (¢)

271 . A.
The correéponding piston velocity is given by

Vo = a5V 0 (7 24mR) ”

Closure of the valve cannot commence till the piston attains this velocity.

This lag is due to the dead weight of the valve and will be called the
"Dead Weight Loss." If the throttling loss is less than the dead weight
loss, no error will be involved in assuming that all the loss at this
part of the Vstroke is due to the dead weight of the valve.

It should be noted that, if the above formula is applied to a beam
tyfpe reed valve,\'\/v should be replaced by an equivaient weight to allow

for the support given at the "hinge" end,
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Now it is possible to write down the differential equation
governing valve motion under these conditions, Force on valve due to

gas ﬂow can be vrritten

fTw.G [lf?\/&r}eR] vT

but, VP ';T—.— \/m xjtﬂ 9
therefore accelerating force can be written as
e ‘o v
[|+2,€qc ]V"‘fg" - W (3)
also, Accelerating Force equals \"/" . d’e
‘ dt?
2
therefore, d£ _. T

b e 2 4onl0
= - ——-—f-’ .. n O _
dt* 8" "Wy f'+2«ﬁqeR]\4n > —9 (o)
This equation applies to valves lying parallel to the valve plate,

supported at their centre of gravity and having acceleration induced

normal to the valve plate. The conventional suction reed for a small

high speed compressor is better represented as a beam, simply supported

at one end, having an accelerating force applied near the other end.

In this case it is a better approximation to assume an equivalent weight

for the valve of \‘.é’. The equivalent inertia now approximates to %’;—'
Using above values, the equation of motion, which now applies

only to reed valves of the type described, can be written

A .2
d%¢ _ 37 w7 2 4n© 3
dz — 8 W, [, +2’&32R]VM 7% EQ (1)
This equation is, in effect, W
d*e
dt? K A ‘Eg' — (12)
. 3¢ 3 Method of solution, N

The differential equation written sbove is a non-linear type which
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does not have a known general solution. This difficulty was encountered

by Costagliola and Maclaren in their attempts to obtain a more comprehensive

analysis of the problem, | Hoﬁe#ei, in the .pz;eéent éaée; é fe-iteré,tive

method can be employed to solve any particular numerical example. The

method is as follows,

4
dt*
varying force which would be applied to the valve if held in the open

A first approximate curve of is drawn from consideration of the

position,

2
Double integration of this first g—é curve produces a first

approximate curve of lift with reipect to time, This lift curvé is used
to produce a second approximate %—;—é; curve from which a more accurate
lift curve can be deduced, Fortun;ately, this method of solution converges
rapidly and cen be used to produce results to the degree of accuracy |
required,

A specimen work sheet is included among the calculations contained

in Appendix II,

3¢ 4 Effect of Flutter,

The foregoing analysis does not include the effects of valve flutter
vhich can be expected to have a profound effect on blowback quantity.
However, by neglecting the small effect of. variations in valve opening
on cylinder pressure at bottom dead centre, the method is rendered independ=-

ent of a tedious and inaccurate step by step solution from the point at

_which the valve lifted. | This simplification is valid because, as a rough

approximation, it can be assumed that the calculated dead weight loss will
include the primary effects of valve throttling,
To produce conditions in which flutter can occur, some form of

mass-elastic system is required. When the valve is not rigidly clamped
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at the hinge end, these conditions do not obtain till the valve strikes
the limit stop. After the valve ltr1kes thls stop it is free to v1brate
as a simply supported beam under non-linear forcing. Such v1brat10ns are
likely to be of relatively small amplitude because of the stiffness of the
valve in this mode and because of the 0il damping applied at each end.
As the limit stop is lowered, however, a condition is reached in which
the unflexed valve is not able to open as far as the limit stop on account
of constraiht applied at the hinge end. The operation of this constraint
can readily be understood with reference to Fig. (2) which illustrates
the conditions, In this case the valve will oscillate as a cantilever and
the amplitude of oscillatibn will be relatively large because of the reduced
>stiffness end damping. To allow for the correction of theoretically
predicted results it has been assumed that when oscillating in this mode
the valve built up an amplitude sﬁfficient for it to reach the limit stop
in its extreme position. It is not possible to predict the amplitude
which the valve reed will attain when vibrating as a simply supported beanm,
but the conclusion that it is small is supported by experimental evidence,
The reduction of damping as valve 1lift increases suggests that the amplitude
of this vibration will reach a maximum just before the valve begins to
vibrate as a cantilever, In practical cases, of course, the valves are
arranged to reach the limit stop without constraint effectsy but in experi-
mental investigations ﬁhere the permitted 1lift is a variable these effects
may be encountered,
Flutter of the valve affects blowback in two main ways.
(1) It provides the valve reed with kinetic energy which may
help or hinder the process of closing,.
(2) It alters the effective value of lift from that provided

for by the limit stop.



H - COMPRESSOR

FIG.7



(15)

The second of these effects is the greater in importance because the
relationship betvom valve 1ift and gas force, beiag of the iype Force< 13,
where Z is the distance of the valve from its seat, produces large closing’
forces at the points of the oscillation where the reed is near the seat,
This will almost invariably cause the valve to close earlier than predicted
by simple theory, thus masking fhe first effects Experimental evidence
indicates that, on occasion, valve closure can be retarded by flutter but .
" thig is rare and must be regarded as a freak of timing.

The theoretical allowance for the effect of flutter on blowback is
made by assuming an effective lift equal to the minimum distance betweenA
reed and seat. In most cases the effect of beam type oscillation is

neglected.

3 5 Theoretical Implications,

Befére discussing the implications of the theoretical analysis
it is fitting that its validity should be examined in view of the following
assumptions, previously made in order to produce a workable theory,

(1) That the valve is a flat disc without spring stiffness,

This assumption was maae in order to provide a symmetrical pressure
distribution so that pressure force could be obtained by simple integration,
The actual shape of the suction reed used in the experimental compressors
is such that pressure forces slightly greater than the theoretical can be
expectede This will lead to theoretical blowback quantities being slightly
above the actual values. The ratio, R is taken as the relationship between
port diameter and a characteristic dimension of the reed valve, equivalent
to the diameter of the disc.

The assumption, that the valve is without gpring stiffness, holds,

for the type of valve considered, when the valve has lifted from the limit
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stope Before that boint, the elasticity of the reed may affect the blow-

baCk.

(2) Thaf,-aé biowbédk 6cdurs ﬁifh rélﬁtifeiy-ldw'pistbn-vélocity,‘

flow is incompressible,

In view of the fact that the acoustic velocity in-Freon is of the
order of 500 feet/second and that maximum piston velocities in the compressors
considered are well below 10 feet/second, this assumption is seen to be
valid, | |
(3)  That losses in the passage between valve and plate can be

neglected.

This assumption must be considered with the fourth assumption.

(4) That there is no recovery of‘pressure at the port entrance.

These rather sweeping assumptions are grouped together because
they introduce errors of opposite sense which thus .  tend to cancel. The
validity of assumptions (3) and (4) must depend to some extent on compressor
dimensions and speed, but in the practical region investigated they appear
Justified,

(5) That velocities in the cylinder are small compared with the
velocity between valve and plate,

This is obviously true from consideration of the flow areas.

It is also assumed in the derivations that

Vp = Vi S O
This is, of course, only approximately true and has been introduced for
convenience, If desired, the higher harmonics of piston movement may be
included in this expression, though, in view of earlier assumptions and
approximations, the value of such a step is quegtionable,

The theoretical results deduced from these éssumptions indicate
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the manner in which blowback depends on compressor dimensions and working
fluid,

- The‘ déaﬁ wke:i.‘ghvt 1053; wh:Lch canlbé c-alwcu‘la;l:ec‘i frém ‘th.e ériticé.l |
piston velocity, is seen to depend directly on the valve lift., As the
valve throttling losses can be assumed to vary inversely with lift it

at once becomes apparent that there is distinct possibility of a maximum
value occu_rring in the volumetric efficiency against permitted 1ift curve.
Although it is impossible to make a direct solution of the differential
equation of valve motion, thus producing figures of blowback likely to
take place while the valve is closing, it is reasonable to deduce the
manner in which such blowback varies by considering it to vary in some

- manner inverse with respect to the accelerations of the valve., This
shoys that the blowback during closing also varies inverssly with lift,
Theoretical blowback curves produced from graphical solutions of the
dynamic valve equation can be compared with experimental results in

Figs. 31, 32 and 33, and in Fig. 29.

The dependence of blowback on speed is clearly illustrated in the
derived equations. It can be seen that the dead weight loss may account -
for the wﬁole charge if the compressor speed is slow enough, This was
indicated by MacLaren in his recent paper to the Institute of Refrigeration
(170). It should be pointed out that this remark applies only to unclamped
suction reeds. 'As compressor speed is increased the dead weight loss drops
sharply becoming assymptotic to zero at infinite speed. The dynamic
blowbéck thus rises sharply from zero at the point where the dead weight
loss ceases to account for the whole of the induced charge and then decreases
as the speed is increased., Owing to the inertia of the valve, however,

this loss does not drop so sharply as the dead weight loss and thus the
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dynemic loss becomes proportionately more important as a component of
blowback as speed increases., If valve throttling becomes severe, both
blrowba}ckr l§sée$ may bé feduéed fhoﬁgﬁ, | of éoﬁrse, tﬁeﬁe .is. nb gain’in |
overall performance. This variation of blowback with speed indicates that
the unclamped reed is at its best where speeds are comparatively high.

Valve weight is also seen to affect both dead weight and dynamic
blowback losses, though not to the same extent as lift. Costagliola (6)
points out that stress considerations limit the amount by which valve
weights can be reduced.

The dependence of blowback on vapour density suggests that unclamped
reeds are unsuitable for light gases and vapours, Conversely, blowback
losses are likely to be much reduced when pumping dense vapours, This
consideration is of considerable importance in the design of valves for use
with Halogenated Refrigerants.

The effect of valve dimensions on blowback is covered by the term

(1 +2 /6’5e R)
in the theoretical expressions. This indicates the advantage of large
values of R, Practical considerations of valve weight and minimum port
diameter, however, restrict the permissible variation of this parameter.

A theoretical examination of the factors affecting blowback has
been made and a comparison between experimental and predicted results is
made later in this thesis. (Fig. 29).

The rigorous approach of Costagliola and Maclaren has not been
followed as it cannot be applied with sufficient accuracy to events at
the point of the cycle where blowback occurs. Instead, a simple theory,

based on pressure distribution during reversed flow, has been applied to

the case of unclamped suction valves,
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CHAPTER 4

. EXPERTMENTAL MEASUREMENT TECENIQUES.

4. 1 General Apparatus,

Three compressors were used during the tests., These are referred
to as the A Compressor, the H Compressor and the E Compressor,

The A Compressor (Figs. 3 & 4) is an 1/8 H.P. open type, single
cylinder machine of 1,1/2 inch bore by 1 inch stroke, driven by a variable
speed D.C. motor., A machine of this design was used by Maclaren (17) in
his experimental work, The A Compressor used in the present series of
tests was modified by blocking the equalising port between crankcase and
suction so that piston leakage could be measured if desired.

In order to free the experimental results from the scatter produced
by splash lubrication, a separate 0il sump was constructed below the crank-
case end the oil pumped up from there to be introduced along the centre
line of a specially drilled crankshaft,

This compressor was designed to run at 600 R.P.M. in its original
application but during the tests a speed range of 400 to 1200 R.P.M, was
employed,

The Valve Plate (Figs. 5 & 6) contains single suction end discharge
ports and is ground to a surface finish of 4 to 5 micro inches.,

The discharge valve is a spring loaded beam type and the suction
reed is a cantilever located on dowel pins, In the majority of tests
carried out, the suction reed was not firmly clamped in place but rested
loosely on the pins according to normal practice., However, when valves of
different thicknesses were being tested, care was taken to allow each

valve the same freedom of vertical movement by building up the hinge ends
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to equal the thickness of the stiffest valve used.

The H Compressor (Flgs. T7& 8) is a totally enclosed 1/8 H.P.
‘s:l.ngle cylinder machine of America.n desi@ driven at 14.50 R.P M. by a
single phase A.C. motor., The compressor has a bore of 1,125" and a
stroke of 0,717"s The valve plate (Figs., 9 & 10) is very similar to that
of the A Compressor having single suction and discharge ports masked by ,
conventional suction and discharge reed valves,

The E Compressor is.a twin cylinder experimental compressor which is
described more fully in Appendix (VI).

The Compressor Testing Circuit (Fige 11), in which the H and E
Compressors are interchangeable, is arranged so that compressors can be
employed either in a refrigeration circuit or in a non-condensing circuit
vhere flow quantity is measured by mecans of a calibrated orifice, The
quantity flowing in the refrigeration circuit is measured by a meter of the
type described by Smith (22), The orifices used in the non-condensing

circuit were specially constructed and calibrated for this purpose.

4, 2 Valve Lifter Apparatus.

As a preliminary to direct measurement of blowback losses it was
decided to operate the suction valve of the A Compressor in a positive
manner so that the approximate size of these losses could be deduced from
changes in the volumetric efficiency produced by altering the instant of
valve closure, For this experiment air was used as the working fluid,
The compressor speed was controlled by varying the armature current of the
D.C. driving motor. Fine control was obtained by means of a friction
breke on the flywheel,

The discharge pressure was read on a Bourdon type gauge and controlled

by an expansion valve,
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The flow of air was measured by means of a water manometer across
a sharp edged orifice situated at the end of a large dismeter approach
tube to minimise the approach velocitye |

A smsll capacitor element was fitted in the cylinder to measure
valve movement., This element is a modification of the type used by
Maclaren in his investigation into valve behaviour and the signal from it
was amplified in the unit designed by Brown (Fig, 12) for use with capacitative
pressure pick-upse This displacement pick-up consists of an element
0.125" dia, sealed into the valve plate and insuleted from it by synthetic
resin, The lead from the element is taken outside the compressor by
means of a hole drilled through the cylinder cover web, thus producing a
gas seal without the use of glands. (Fig. 13).

A Capacitative type Pressure element (Fig. 14) was fitted into the
cylinder head to indicate cylinder pressure.

The valve lifter consists of a mild steel magnetic pole sweated
into a brass plug in the cylinder head,

In order to minimise leakage flux, the suction port is enlarged
for the greater part of its lengthe The wvalve port was restored to its
normal dimensions by the introduction of a bush of insulating material,
This bush was used to mount the sensing element of a hot-wire anemometer,

To prevent a balanced magnetic force on the valve, the limit stop
was replaced by a 10 B.A. brass screw which allowed variations of the
permitted valve lift,

The electro-magnet is a coil of 1,500 turns wound on a mild steel
core and connected in the anode circuit of the power supply output valves.

The electronic power supply is fully described in Fig. 15 except

for the switch which is a simple rotary contactor,



. e B~
MAGNET CORE MAGNET WINDINGS

\\ /
! -
BRASS BUSH g DISPLACEMENT ELEMENT
: ' ELEAD
e ) =

A
\\

'/ / / / )\ ANEMOMETER

MOUNTING

POLE PIECE | //\\\ \

BRASS STOP DISPLACEMENT

ELEMENT

/

}\\\\
/\;\\ ANANAN
AN

" VALVE LIFTER ARRANGEMENT

FlG' '3 FULL SIZE




(22)

A phasing signal was produced from a capacitor element on the

flywheel.
o .Tllle -coinpfessér .sp.ee.d ﬁaé 6b§efv§d ;by‘ méaﬁs Aof‘ aA sfrébéséoﬁe running

at mains frequency.
4. 3 Anemometer Equipment,

The main experimental investigation of blowback past the suction
valve was carried out by making direct measurements of gas velocity in
the suction port,

The instrument used to obtain these readings is an A.C. operated,
Constant Temperature Hot-Wire Anemometer, situated in the valve port,
The sensitive element of this device is a 0.0005" diameter tungsten wire
stretched across the suction port. The wire is mounted on an insulating
bush set into the valve plate (Fig. 5) in such a way that the flow pattern
ig not affected. The wire which forms one arm of a resistive bridge, was
heated by a 5 Kc/ sec, carrier wave generated by a power oscillator, and the
signal produced across the balance points of the bridge used as the input
to an emplifier feeding back in series with the oscillator. (Fig. 16).
The effect of this system is to maintain the wire at a temperature which
is substantially constant,irrespective of the velocity of the suction
vapour, The power input to the wire is then a kmown function of the
instantaneous gas velocity, (v¢f 34 ) the thermal inertia of the wire having
no effect, provided the amplifier maintains the element at a constant
temperature, Thus a record of power input during the cycle can be translated
to a record of instantaneous gas velocity,

In order to improve the stability of the anemometer system the
amplifier contains a stage tuned to 5 Kc/ sece and the circuits are arranged
so that, at this frequency, the phase shift through the amplifier is slight.
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A valve displacement indicator identical to that described in

connection with the valve lifter tests was included in the valve plate but
no pressure indicatéré ﬁere fiftéd; | Aneﬁoﬁefeﬁs and diépiaceﬁeﬁt éléménfs
were fitted to the A and H Compressors, (Figs. 5 & 10) the arrangements
being identical except for minor differences due to the relative size
of the compressors.

Arrengements for messuring and controlling compressor speed and
discharge pressure were the same as for the valve lifter tests,

The quantity flowing in the circuit was again measured by means of

a calibrated orifice.

4. 4 Valve Lifter Test Methods,

In developing this >technique, which is essentially a comparison
between the "natural" behaviour of the valve and its behaviour when inter-
fered with in some way, it was desirable to eliminate changes in performance
due to other effects such as drift of speed, alteration of cylinder-head
temperature or change of clearance volume, In order to do this, testé

were run in quick succession after a preliminary warm-up period and speeds

were maintained strictly constant by use of the flywheel brake and stroboscope.

To obtain the required comparison the compressor was run with the valve
controlled magnetically till steady> conditions ensued and then the magnet
was switched off causing the valve to revert to its normal behaviour.
The change in performance was measured by noting the variation in manometer
reading when the device was switched off.

\ If Q@ is the quantity passing the orifice and H is the head across

it in any consistent system of units

¢ = kJH
therefore do . _K_
dH RJH
therefore AQ _ bOH
) 2H
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Thus the fractional change in performance due to alteration of valve

behaviour can be obtalned dlrectly from the manometer readlngs.

| The valve movement and cylinder pressure dlagrams associated w1th
various particular conditions were photographed from the oscilloscope if
required, A double beam, A,C., Cossor oscilloscope was used in conjunction
with a 35 m.m. oscilloscope camera,

Tests were run to find the positions of the rotary contactor which
gave maximum improvement in performance at various speeds and these positions
were used to carry out tests at a variety of speeds and pressure ratios.
Fig. 18 shows a typical curve of the improvements in performance available
at different switch positions,

It is not to be supposed that deduction of blowback bj this method
approaches the accuracy associgted with more direct methods. A summary
of the errors which may be involved in estimating blowback from overall
performance figures is given in Chapter 5 which deals with the preliminary

investigation in detail,

4, 5 Anemometer Test Methods.

As the valve lifter tests cannot be expected to give more than an
approximation of the loss due to blowback, the main burden of producing
experimental results in support of the theoretical conclusions of Chapter 3
rests on the anemometer method which was used to give a direct indication
of the instantaneous gas velocity in the suction port.

The anemometer method was used with both air and Freon 12 but tﬁe
scope of the Freon tests was restricted by the pressure ratios available
with the refrigerant when operating on the non-condensing circuit. The
large number of tests required to produce conclusive results indicated

that exfensive use of the condensing circuit, which had a stabilising time
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of eight to twelve hours, was impracticable,

Both the A and B Compressors were indicated using the anemometer

bﬁt.fhé constaﬁt'séeéd‘mbtbr‘ahd fhé inaeéessibilitonf the H Compreésbr'

dictated that a wider range of variables should be applied to the A Compressor,

In variable pressure tests with air the compressor not under test
was used to pump air into the system if required.

It was found necessary to run the compressor with a minimum of oil
in the crankcase to obtain reproducibility of results. For this reason,
in each test, the compressor was allowed to warm up with the oil pump
operating and the oil flow was stopped about 20 minutes before test readings
were taken, The compressor didnot appear to object to this treatment but
the armature current of the driving motor was closely observed for signs
of incipient seizure,

Before each test on the A Compressgor, the brass valve stop was set
to the desired lift using a micrometer depth gauge. The valve plate
and cylinder cover were then screwed dovn until the joint thickmess,

neasured by feelers at four prepared slots in the gasket, was 18, 10-3

inches,
The compressor was fun, with the oscillator and amplifier of the
anemometer unit switched on, till steady conditions ensued, The gain of
the amplifier was kept at zero during this period to avoid overloading the
output stages as the cylinder head temperature rose. The desired constant
temperature of the wire was set by adjusting the variable resistor, R1,
(Fig. 16) and the oscillator output level altered to produce a mean temper-
ature in this region, Compressor speed and the various circuit pressures
were then checked and the approximate manometer readings noted., The
gain of the amplifier was then increased till the element began to operate
at constant temperature. This condition could be observed by the faith-

fulness with which the trace recorded the almost instantaneous rise of gas
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velocity on opening of the suction valve, However the instrument was

not considered to be operating satisfactorily till a condition was reached
where riricrealsers in ga:m médé ﬁo -o'bse»rv-able change ih fhé iecorded freloéify
pattern, When the instrument was recording correctly the oscilloscope
trace was photographed and the orifice manometer readings noted.

The permanent record produced by this method appears on the film
as a modulated envelope which is related to the instantaneous gas wvelocity
by King's equation (Ref. 31). This modulated envelope is usually accompanied
by a rectified and demodulated trace of valve movement with a phasing blip
superimposed at top dead centre., As the valve movement diagram is principally
used to observe the phase angles of the various valve motions and was not
calibrated in terms of actual displacement, it could be observed on the
A2 trace of the oscilloscope, the distortion caused by the coupling of
this channel not affecting such measurements,

To obtain direct readings of velocity it is necessary to linearise
the trace recorded from the instrument, This can be done by electronic
means (Refs. 33 & 39) but it was found that the computing circults involved
were not sufficiently accurate over the range of signal involved. 1In
particular, the behaviour of the required squaring circuits when dealing
with very small signals made their value questionable, A note on the
behaviour of these circuits is included as Appendix V. Unfortunately the
part of the signal which is of greatest interest with reference to blow=
back varies from zero to a quantity which is generally small in comparison
with the maximum forward velocity, Thus other methods of obtaining a
linear velocity trace had to be adoptede The most satisfactéry of these
was to trace the enlarged photographic records on to specially prepared

worksheets (Fig. 42). The amplitude of the trace was then squared using
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dividers and a suitable parsbolic curve. The resulting curve was effective-

ly demodulated by removing the constant term and then squared again. Thus,
assuming King's equation (Refs. 31 & 34),

IR = A + B[V

where 12R instantaneous power supplied °

v

instantaneous gas velocity

end A & B are constants,
is a good approximation for the constant temperature hot-wire anemometer, a
curve has been prepared which is directly proportional to velocity., The
scale of this curve can be calculated from the total flow quantity as given
by the orifice. Relative flow quantities are obtained by measuring the
areas under the linearised curve by planimeter, To ensure consistent
treatment of results the primary curve was traced from the edge of the
envelope and no attempt was made to compensate for the trace thickmess,
Fortunately, one effect of using a modulated signal is to produce a rapidly
moving spot and consequently, a fine trace, The centre-line of the rectified
and demodulated trace of valve movement was taken as being the correct
reading,

The types of record obtained by this equipment are shown in Fig, 19.
19A is the signal from the anemometer before linearising, the horizontal
axis being time, The quantity marked ©' is a measure of the loss due to
re-expansion of clearance volume vapour, ©" represents the timé elapsing
between bottom dead centre and reversal of gas in the valve port., This
may be due to gas inertia effects or to the effects of throftling at the
valve, Other considerations indicate that the latter isthe more iinportant
effect. Though the instrument was not specifically designed to display

these compressor losses, the ease and accuracy with which they can be read
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from such a diagram contrasts sharply with the procedures and calibrations

required to estimate them from, for example, a pressure/time diagram,

19B is the velocity trace linearised according to King's equation. The
area Al represents the volume of gas induced during the suction stroke,

The area A2 rerresents the quantity of gas blown back past the suction valve
before it closes. By allowing for re-expansion and throttling losses

the blowback quantity can be calculated on a percentage basis, 19C is

a record of valve movement and phase obtained directly from the displacement
element, This trace is distorted vertically due to the coupling of the

A2 trace of the oscilloscope but the phasing is not affected. VWhen
required, an accurate displacement diagram was obtained using the Af

trace which had a better frequency response, 19D is a curve of cylinder
pressure recorded from a capacitative pressure pickup. This is included
for comparison only and such diasgrams were not generally used in the

anemometer tests,
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CHAPTER 5

 EXPERTMENTAL INVESTIGATION USING ELECTROMAGNETIC VALVE CONTROL

This preliminary investigation was carried out in order to discover
if blowback quantities were sufficiently large to warrant more detailed

investigation.

5. 1 Scope,

The experiments were carried out using the valve lifter apparatus
and techniques described in Chapter 4. The valve lifter method was applied
to the suction reed of the A Compressor with air as the working fluid,

The first tests were made in order to find the positions of the
rotary switch which gave maximum improvement in performance, These phesing
tests were run at speeds of 500, 750 and 1,000 r.p.m. FPhotographs of the
valve movement during these tests were taken from the oscilloscope screen,
(Fig, 20). When the optimum switch positions had been established, tests
were run at speeds varying from 400 to 1,200 r.p.m. in order to find the
greatest improvements in performance available at various speeds. A test
was also run at 600 r.pe.m. with discharge pressures varying from 20 lb/in2
to 100 1b/ in2. - Photographs of valve movement diagrams and cylinder pressure

traces weretaken for representative tests in each series,

5. 2 Experimental Results.

The relationship between improvement in performance and position
of the rotary switch when causing this improvement is graphed in Figure 18,
The valve movement diagrams, (Fig, 29) were used to construct curves ﬁhich
showed, for various speeds, the actual phase ang.les at which the valve closed
(Gc) against the angles at which the switch was set to contact, (Os). These

curves are shown in Figure 21, The curves of Figure 21 were then used to
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plot improvements in performance obtained by use of the switch at various

speeds against the actual angle of valve closure, (Qc), resulting from the

action of the magnet. As ©Oc cannot be estimated with great accuracy,

some scatter has been introduced to the curves which are shown in Figure 22,
An attempt was made to estimate the manner in which blowback varied

with speed and discharge pressure but the results did not give any clear

support to the theory of Chapter 3. The reasons for this failure are

considered below,

5¢ 3 Discussion of Results,

General Remarks,

All estimations of blowback made by this method depend on the tacit
assumption that, if improvements in performance can .be made by advancing
the closure of the suction valve, then these improvements are due to
reduction of blowback. If it is further assumed that the maximum improvement
in performance occurs when the valve closes at a position which eliminates
the blowback without affecting the throttling loss then the improvements
produced are a meaéure Bf the blowback loss. Unfortunately the second
assumption is not entirely valid, there being no doubt that the operation
of the valve lifter has a considerable effect on the throttling loss. This
explaing the difference between curves of%’ produced by this method and the
predicted blowback curves, However it is safe to assume that operation
of the magnet will increase the throttling loss, giving rise to‘%’ figures
which are actually less than the blowback occurring. By this reasoning
it was assumed that blowback was at least as great as the maxinrmnc-‘g obtained
by use of the magnetic valve lifter. Later direct experiments confirmed
this. The performence changes were noted on a water manometer as changes

of liquid level in one limb (3%), This quentity varied during the tests
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from about one quarter of an inch to two inches. Thus, assuming that

the scale could be read to 0.05" with accuracy, the error involved may

raﬁge frdm 20 to.2.5%; | As'thisirangevié ¢om§arab1é ﬁith the #aiigtion

of blowback expected in the tests it can readily be seen that the apparatus
can provide no more than a rough guide to the quantity of blowback occurring.
Errors due to variation of the orifice coefficient variation of compressor
speed and other causes are slight compared to the inaccuracy attributable

to this cause, In practice the scatter of experimental results appeared

to be less than 20%.

Phasing Tests.

These tests were run with verying speed and switch position,

Figure 18 is a typical curve of performance improvement against switch «

positions At switch positions around 60? before B.D.C. there is some
improvemen£ in performance because, though the magnet closes the valve
long before the ideal closing position, the throttling of gas into the
cylinder is so severe as to re-open the valve which closes for a second
time nearer the ideal position with consequent enhanced performance,
This effect is not of great importance, as the angle at which the valve
closes for the second time depends on compressor speed, valve natural
frequency, 0il damping and other faztors, The valve movement diagram

for this type of operation can be seen in Figure 20A,

For switch position 2, 30° before B.D.C., there is a slight decroase
in performance; this is due to throttling of the gas flowing into the
cylinder which is not alleviated by re-opening of the valve, The valve
movenent diagram can be seen in Figureg 20B,

As the switch position approaches B.D.C. the perfoMce improves due

to reduced throttling and, the performance reaches a maximum when the valve
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closes at a point where the combined logss due to the throttling and blow-

back effects is a minimum, _This ;hquld occur when the gas flqw through
the suction port is just about to reverse and is the ideal closing point.

The difference between the actual and the ideal closing point is assumed

to be a measure of blowback, Figures 20C and 20D show the valve approaching
ideal closure. The pressure diagram showed that throttling was slight

at the ideal closing position.

Beyond the ideal closing position, throttling is assumed to be
slight and blowback is present as a function of the time the wvalve remains
open during reversed flow, A valve diagram for this condition is seen in
Figure 20E,

When the switch fires at position 6 the closure of the valve is
not materially affected. The slight improvement in performance observed
is probably due to residual magnetism effeéts. Figure 20F gives this
valve diagram. The natural valve diagram is given in Figure éOG.

Figures 224, 22B and 22C show the performance improvement to a base
of actual closing angle at various speeds, This shows the ideal closing
angle to be dependent on speed. The values to the left of the minimum
value in each curve should be treated with reserve as the time of closure
is not entirely predictable in this region.

Figure 21 shows the angle at which the valve closes under action
of the magnet, graphed against the angle at which the magnet was switched
on. The curves tend to a closing angle slightly before the ngtura; closing
time and this is probably due to the fact that when the coil is operating
there is enough residual magnetismpresent to accelerate the final stages
of closure even if the switch is firing beyond the natural closing point,

Figure 23A relates the angle of closure of the valve to compressor
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speed. It is interesting to compare the measured ideal closing positions
(the lower curve) with the estimated values which were obtained from the
normal valve diagrams as the point at which the valve appeared to start
closing under the action of cylinder pressure. Figure 23E expresses

the same results in terms'of stroke volume.

The improvement in performance obtainable by this method varied
between five and gix percent. Improvements in performance were congist-
ently greater at the higher speeds where theory suggests that blowback should
be decreasing. This indicates that the valve lifter technique introduces
throttling losses which are not insignificant, particularly at low speeds
vhere the "natural® throttling effect is least pronounced.

It must also be remembered that the magnetic pole alters the cross
section of the port in a way which is presumably detrimental to efficiency.
However, the magnetic method of altering valve behaviour which was selected
as being the least likely to have an adverse effect on compressor efficiency,
has several important advantages. It allows the timing of the valve to
be altered, while the machine is running, by a rotating contactor external
to the compressor. Thus, performance readings can be taken in quick
succession ensuring that test conditions do not alter during the experiment,
As the maximum improvement in performance obtained by altering valve timing
is of the order of five percent it is vital that other effects influencing
the performance be controlled, The magnetic method has the advantage
that the two performance figures, which are to be subtracted, are obtained
at the same time with the same valve reed and gasket without distq:?ing
the head, at the same tempergture, and with the same amount of 0il present,
Each test is run with the valve controlled magnetically and then the magnet

is switched off causing the valve to revert to its normal behaviour,
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The main disadvantage of the method is that overall performance

figures have to be used to estimate the effect of a single loss which is
rﬁefely .a frécfién of 'bhe' t&té,l lovss’ aésociafed mi.th the éom.pres'soz‘.'.: ’Th-is‘
disadvantage, of course, is not peculiar to the magnetic valve lifter technique
but will afflict all techniques which do not face up to the problem of making
a direct estimation of the individual losses, A method of making direct
measurements of blowback past the suction valve was devised and is described

in the next Chapter.
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CHAPTER 6

EXPERIMENTAL INVESTIGATION OF FACTCRS AFFECTING BLOWBACK
PAST THE SUCTION VALVE, USING HOT-WIRE ANEMOMETER.,

The experiments described in this Chapter were undertsken in order
to provide a direct experimental check on the results which can be predicted

using the theoretical approach of Chapter 3,

6. 1 Scope of Tests,

The anemometer equipment described in Chapter 4 was used to provide
diagrams of instantaneous gas velocity in the suction ports of the compressors
investigatede When required, additional information was obtained by indicat-
ing the movement of the valves under examination using a capacitative type
pick-up.

The capacity of the compressor was estimated by means of a calibrated
orifice,

The variation of volumetric efficiency of the A Compressor with
valve 1lift was noted at speeds of 500, 750 and 1000 r.p.m. uging various
thicknesses of valve. The records of efficiency variation obtained in -
this way were interpreted in the light of information obtained from the
anemometer records as the variation of blowback with 1ift under similar
conditions, Air was used for these tests,

The effect of compressor speed on blowback was also examined using
both Air and Freon 12 as the working fluids.

It was soon observed from the anemometer records that the reversal
of gas flow into the cylinder often took place some time after bottom dead
centre, This was assumed to be due mainly to the effects of throttling of
the inlet process and, assuming the supercharging effect of the inlet gas

velocity to be slight, curves were drawn to show the effect of the valve
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lift on the throttling loss with air as the working fluid.

As the theory of Chapter 3 indicated that there would be a variation
of blowback quantity with fluid density, a series of tests was carried out
using a constant pressure ratio of three and varying the absolute suction
pressure between wide limits. Air was again used as the working fluid in
the majority of these tests though a few comparable tests were run using
the dense refrigerant Freon 12 in a highly superheated condition.

In order to conform to general practice the suction reeds were not
clamped firmly over the suction port but rested loosely on their locating
pins. To observe the effect of clamping the reed in place, as recommended
by Maclaren, the end freedom of the valve was progressively reduced by build-
ing up the thickness of the "hinge™ part of the reed till it was effectively
clamped on compresgion of the gasket. The effect of this clamping on
blowback and valve movement was noted,

Tests were also run using the H Compressor, indicating both instantaneous
gas velocity and valve movement., Owing to the single phase A.C. motor
employed.and the relative inaccessibility of the cylinder head these tests
were resfricted to observing the effects of suction density and pressure

ratio on blowback and valve behaviour,.

6. 2 Experimental Results,

In many cases the results obtained in this section of the work can
be understood more fully if the manner in which the suction reed behaves
is known, Chapter 3 contains a description of the various ways in which
such a reed can behave, illustrated by figure 2. The various types of
behaviour have a material influence on the overall performance of the
compressor and on the blowback quantities., For this reason symbols have

been devised so that the type of valve behaviour pertaining to eny particular
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experimental point may be illustrated.

On opening and striking the limit stop the suction valve is almost
in&ariébly‘eicifed info aﬁ oéciliafign §f‘s§mé fofm; If the oséillafién.
is a damped transient which disappears before the angle at which the valve
begins to close then the experimental point has been distinguished by the
sign 7 . If oscillation is obviously transient but persists during the
period which the valve is open, the experimental point is marked ),
Generally speaking it can be assumed that such oscillations will have slight
effect on compressor performance. If the oscillation is maintained at
constant amplitude during the period in which the valve remains open, the
experimental points are marked = , Thig type of oscillation can be expected
to affect the performance of the compressor. In the final case, where the
oscillation is divergent and of large amplitude during the valve's open
period,the experimental points are marked { . This type of oscillation

has a prdfound effect on compressor performance,

6. 2a Effect of Valve Lift on Volumetric Efficiency.

The results of these tests which were run with valves of varying
thickness at speeds of 500, 750 and 1000 r.p.m. are shown in Figs. 24, 25
and 26, Figure 24 shows the results obtained at a speed of 500 r.p.m.

At this speed there was very little tendency for the valve to break into
oscillation, This uniformity of valve behaviour results in reduced scatter
of the results. |

In each case there is a marked rise in volumetric efficiency as
the valve lift is reduced to about *010 inches. Below that 1ift the
efficiency falls rapidly due to throttling. This improvement in performance
is due to the great reduction of blowback at low 1lift and was commented on

by Maclaren. In the figures produced by MacLaren the performance improvement
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was not so marked especially in the case of the heavier valves, which
have greater stiffness, This is presumably due to the manner in wﬁich
fhesé val#eé ﬁere élémped.l in.thekpfeéenf éefiés‘of e#périménfslwhéré
the valves are loosely set on the locating pins, it is to be expected that
blowback will be greater, particularly with the heavier valves, This

is clearly shown in the results of Figure 24 where the performance of the
heavy valve is seen to be much inferiqr at high lifts. It is noteworthy
that the maximum efficiency attained with each valve is roughly the same
though, again, the lighter valves appear slightly better <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>