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ABSTRACT.

Automatic Valves for Gas Compressors.

The purpose of the investigation was to study the performance
of the automatic valve of the reed type in common use for porting
small high speed reciprocating gas compressors. The effect of
valve behaviour on volumetric efficiency was the prime concern.

The theoretical a@proaqh was similar to that of Costagliola,
but simplification of the equations reduced the work of analysis
and avoided graphical solutions. However, the analysis of
Costagliola assumed that there was no valve flutter. It is now
shown, both theoretically and experimentaliy that this may be
presente. _ )

New experimental techniques were developed ineluding a
portable recorder which indicated the very light valve without
attachments to it, and measured the pressure drop across the
valve during operations The loss of volumetric efficiency due
to suetion valve throttling was computed.

The effect on actual volumetric efficlency of the valve
variables, spring stiffness, valve weight and permitted valve
lift were examined experimentally, together with the compressor
variables, pressure ratio and speed, when pumping (a) air and
(b) Freon l2.

Observeations were made in conneotion with valve failure,
and alsé on the relative performence of a ported compressor of

the same dimensions.




Automatic Velves for Water Pumps.

Much informafiéﬁ.isléfailable on automatic valves for
water pumps, but there has been no study of & small pump.
Little interest has been shown in the subject during the last
25 years, and the older techniques to study the valves in large
low speed punps were not suitable for the speeds now in common
usee A”

An inductive pick-up unit was developed which gave
gsimultaneous records of the movement of both #alves under
combinations of pump and valve varisbles. It may be
analytically deduced that the valve movement is a displaced sine
wave and 1t was found that the travel normally approximated to
this. However, for a number of reasons, very abnormal valve
travel oceasionaliy occurred.

Graphical records of 120 tests show the effect of valve
shape, valve mass, valve spring stiffness, and dissimilar
pairing of valves on maximum valve 1lift, valve coefficient of
discharge and pump performanee# The magximum valve lifts
obtained from the formula due to Krauss exceeded those actually
obtained by almost 100%. The curves for the valve discharge
coéffiecient were=similér to those of Krauss in form bdbut
revezaled a size effect not previously observed. Observations
on valve noise substantiated the later values of the noise limit
published by Berg{ Dissimilar pairing of valves and springs
showe@ that, on ocecasion, improvement in pump performance could
be obtained.
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NOMENCLATURE - GAS COMPRESSORS.

area of flow in partly open’kalves

area of flow in fully open valves

area of piston.

area of valve face.

accoustic veloelity or electrical capacity.

pressure drag coefficient = drag force
pressure head

coefficient of discharge.
specific heat at constant pressure.

" r " " volume.,
fractional clearance or (suffix) clearance.
characteristic lengﬁh;
diameter or (suffix) discharge.

Young's modulus or internal energy.

Froude number.
¢qfoC

(ﬁ'A,pS

parameter =

gravitational econstant.
valve 1if+t
moment of inertia.

(suffix) inlet.

Cpaps . .
parameter = or Mechanical Equivalent
Khy
compressibility.

electrical permittivity.
spring constant.

a function of Yy and 0
length of connecting rod

Mach number.

Heat«




Symbol. -

mass.

a function of Yang U

(suffix) orifice or open.
_pregsure or (suffix) piston<
volume flow rate.

gas constant.

Reynolds' aumber.

pressure ra$16 or crank radius.
piston stroke.

temperature,
~time.

volume.

velocity or (suffix) valves
mags flow rates

valve resistance coefficient = pXeéssure head

veloclty nead
piston pogition from valve plates

A
.-—IE)-

= isentropic index.

SN clearance volume
- stroke volume

volumetric effidiency.
‘ Fi

density.
crankangle after T.D.Ce.

natural frequency of valve reed.

a:a'@*-’l“‘@?mo(QN.N§4<¢HWW§wDMOZE

angular speed of crank.

Ap pressure difference across valve assembly.
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NOMENCLATURE — WATER PUMPS.

area of valve disce

throat area (exeluding central spigot).

throat area (exeluding central spigot and ribs).
radial flow area at perimeter of valve discs

veal ve discharge coefficient at constant flowe.

" " " when operatings
" " | " based on dise area (Berg).
- it " w  * fthroat area (Krauss).

diameter of valve disce
valve spring fOrce at Bpgxe
gravitational constant.
valve lift.
maximum valve 1ifﬁ¢
valve spring stiffnesss
perimeter of dise valve.
valve throat perimetere.
pump speed. 7
pressurehload per unit area.
pressure load per unit area below valve disce
valve loading due to #alve weight and spring forces
theoretical average flow rate through valve.
actual flow rate from pump.
weight of valve in air.

w " “ " waters

i *  gpring in aire

114 !"7 ' 113 " Wa—b er.




Symbol.

A
y

ratio of 8, to al.
noise limit coefficient.

density of water.
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AUTOMATIC VALVES FOR GAS COMPRESSORS.
CHAPTER I.
DISCUSSION AND REVIEW OF PREVIOUS INVESTIGATTONS.
l. 1 Introduction.

The pumping efficiency, the actual volumetric efficiency
and mechanical efficiency of small high speed gas compressors are
often surprisingly lowe. While the faetorafcontribuﬁing o low
efficiencies are readily enumerated, their relative importance is
not fully known. .

The simplicity of the aut@mgtic valve has made it universally
used for porting all types of these compressors. Little is known
of the influence of the valve on compressor performance,
particularly at the high rotationsl speeds now used to provide
the necessary compaet, &ir&eﬁly driven, machine. The few
invaéﬁigatians on the subject are not related and no review of
them has been made previously.

In small compressors flexing reed valves of the cantilever,
.beam or disc types are usually employed. The backing spring
designs also vary greatlys The desirable qualities of the
automatic valve, the description of practical valve assemblies
and their development are discussed by Kohler (16) and Reif (25),
in German and by Watson (34) and Quertier (22) and Rowledge (26)
in Englishe.

1. 2 Losses in reciprocating compressors.

An important criterion of performance is volumetric
efficiency. The economy of size and power input of an air
compressor ig related to it as is also the refrigerating effect

and coefficient of performance of a refrigerating circuit.
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The principal factors-affecting volumetric efficiency are

(a) pressure ratio, (b) elearance volume, (¢) heat transfer
(d) gas leakage, (e) valve performance, and some of these
complgx:f&ctors are interdependente. |

The early attemp+s to study compressor performance
resulted in the publication of empirical formulae to fit test
results. Gill (8) analysed the results of volumetric
efficiency tests conducted by Scheel (27) on compressors
punping dry natural gas, wet natural gas and air. In the
refrigeration field an empirical formula was developed by
Voorhees (32), based on the early work (1890) of Denton and
of the York Manufacturing Company (1904), (37), for large slow
speed ammonia compressSorse Denton did not'claim great éceuraey
for his work and Oldham (21) declared the formula "fundamentally
at fault"™s.  Voorhees subsequently (1931) withdrew it.

Reid and Ambrosius (23) could not correlate their own
results for an ammoenia compressor with those from other
investigations prior to 1931. For such a comparison to be
profitable it is necesgsary to separate the factors involved, and
by eonsidering each, asséss its relative importance. This
approach has been adopted in two investigationse. Fuchs, Hoffmann
and Plank (5) conducted tests (1940) on a six cylinder ammonia
COompressor. The losses due to throtitling at the valves were
included with heat transfer and friction losses. The approach
was more fully developed (1949) by Lorentzen (18). The partial
losses in volumetric effiéienc& were computed for six modern
multicylinder refrigerant compressorse. The wide scope of this

extensive experimental programme did not permit a detailed study

of wvalve losses.
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- The delivery pressure for an ai: compressor is fixed.
by the duty required of it, and the suction pressure is usually
atmospheric. In a refrigerating circuit the suction pressure is
determined by the required evaporating temperature, and the
delivery pressure by the condensing conditions-availabla. The
pressure ratic, r, ig, therefore, usually definede. Any increase
in r will, in general, result in an increase of all the partial
losses except the valve loss.

The primary effect of compressor clearance volumg ig fto

reduce volumetric efficiency. The indicated ideal volumetrie

efflclency can be readlly expressed in the form

Ny = - (v )

This is the maximum volumetric efficiency for given values of
pPressure ratio and c¢learance volume, but the effect of hesat
transfer, gas leakage and valve performance is neglec@ed;

The heat transferred during the cycle has been studied
during six investigations - by Wirth (86)1932; Smith (28) 1934;
Giffen and Newley (7) 1940; Lorentzen (18) 1949; Brown (2) 1951;
and Gosney (9) 19534i The magnitude and complexity of heat
transfer effects Justify the efforts made to study them. They
particularly effect the volumetrie efficiency of a compressor
pumping a vapour near its saturation temperature; the early
investigations were conducted on relatively large slow speed
ammonia machines, the last two on small high-speed Freon 12
machines. The tests by Brewn were carried out on a compressor
identical to that used in thé present investigation, and it was
shown that an increase from 0.5 dry to 80°F. superheat suction
vapour resulted in 20% improvement in the indicated and 3074 in

the actual volumetric efficiencys The indicator diagram, is
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therefore, an unreliable guide to the velumetric efficlency

of the compressor. Thig fact was appreeiated, in general terms,
as early as 1904 (37) and is discussed in more detail by Giffen
and Newley. The indicator card is an asset, of course, in
assessing other factors detrimental to eomprassor'pérfermanee.

A set of 14 indicator cards showing faulty compressor performance
was collected by Lenhart, and published by Voss (33)s 4An
ingeresting feature is that in 9 cases, poor operation can be
attributed, partly or whelly, to faulty valve performances

The gas leakage loss depends largely on the design of piston
clearancesand valves. Fuchs, Hoffmenn and Plank (5) obtained
values from static and running triels using asir. Gosney (9)
observed that static leakage mth"ra»frigerant (Freon 12) was
greater than leakage during operation. I+t is known that an
investigation on piston leakage is in progress.

The effect of oil on any one of the previous factors is not
neceggarily negligible and the valve noise and valve life are
also affected by it« The quantity of oil necessary at the valves
ils a matter of compromise between conflieting requirementss A
paper by Higham (11) deals with this problems The heat transfer
rate will be affected due to the thermal resistance of the oil
on the oylinder wall, and to the miseibility of the oil with a
refrigerant. The leakage losses are dependent on the quantity,
nature and temperature of the oil present. Fuchs, Hoffmann and
Plank (5) showed the effect of oil level and oil temperature on
leakage. The effect of oil level alone on this IOSS‘W&S-i 15%*

The effect of compressor speed on volumetric efficiency is

difficult to predict since it affects heat transfer, gas leékage

and valve performance. Heat transfer and leakage losses will
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be more serious at low speeds, but -will be reduced as a -

percentage loss at higher speeds, since a greater mass of gas is
then pumped per unit times At high speeds valve performance may
deteriorate. There may bhe an optimum spee& therefore, at which
the sum of these losses is a minimums, There are a few test
results available, for various large ammonia compressbrs, in
papers by Reed and Ambrosius (23), Jenks (14), Fuchs, Hoffmann
and Plank (5), and Giffen and Newley (7). In general, speed
has*surprisingly little effect on actual volumetric efficiency.
l. 3 Valve Losses.

Loss of compressor performance due to the valves is caused
by (a) the irreversibility of the throttling process through the
valve, (b) gas leakage due to "blow-by" during eclosure and
(¢) gas leakage due to imperfect sealing. Aerodynamie,
thermodynamic -and Qynamiec aspeets will, therefore, be involved.
The valve, aptly described by Willey (35) as an "aerodynamic
horror', disturbs the gas flow and the energy exéen&eﬁ to overcome
the reéistance to flow will eventually be dissipated, due to
viscosity, as a rise in gas temperature, decreasing both the
pumping and volumetric efficiency of the compressor. This
registance is a funection of the gas density, viscosity, velocity
of sound in the gas, gravity, gas veloeity and valve dimensions.
Only'the last two factors can be materially modified to reduce
resistance for a particular gas being pumped and their effect
may be examine@ by either static tests of the valve assembdbly or
by compressor testinge

There have been four investigations to study the gas

compressor automatic valve; ILazendorfer (17), 1931; Fuchs,

Hoffmann and Schuler (6), 1941; Hanson (10), 1945; and
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GOStagliola_(s), 1949. — -

Lazendorfer tested a ring plate valve under steady air flow
conditions @nd alse ag a discharge valve in an air compressor
under normal operating conditions, to find whether static test
resulis wére relevant to actual conditions. The comparison of
flow through the valve calculated using the coefficient of
discharge found for each valve 1ift by static test d&id not
compare closely with the discharge through the valve as deduced
from the change in cylinder pressure and volumes |

Fuchs, Hoffmann and SChuier-axamineﬁ the losses through a
number of ring plate valves. A séries of static tests were
condueted with water to find the effect of 1lift and fluid
velocity on the throttle losse This method simplified the flow
measurement technique and avrelati#ely small quantity of water
had to be pumped to obtain velocities to give the same Reynold‘s
number as that when a refrigerant was flowing at the mean
velocities met with in practices It was deduced from the
results obtained that to avoid increase of the flow resistance
coefficient, (2), low 1lift was desirable; +the necessary flow
area to be obtained by fitting a larger number of valvess

Hanson published the results of wind tunnel tests with large
(4X) scale wooden models of plate-valves. Modifications reduced
the loss through the valve assembly considerably, but like all
similar static tests, there were difficulties of correlation with
actual conditionss

The gas compressor valve may not cause recognised flow
patterns at any lift since the gas veloeity through it
continuously varies, and only 1/70 Sec. or less is available %o

Pass the complete charges However, recent work by Stanitz (29),




Te
with poeppet -valves, indicates that statically determined- ‘

coefficients may be applied to dynamic conditions without great
error., |

Concerned with the performance of "feather" type reed valves
for use in the multivalve arrangement of a free piston gas
generator Costagliola made an important contribution to the subject
by computing the valve losses mathematioallye Three dimensionless
parameters were evolved and the important criterion was found to
be that involving flow area through the valves and piston speed.
Valve dynamics only became important if flow areas were already
adequate and for optimum dynamical oonditiong, it was shown that
the valve should have no weight and a light spring giving infinite
natural frequenc§ to the valve system. This ideal could not be
approached since impaet stresses with a light valve were
theoretically high.
1.4 Yalve Flutter.

That flutter occurs with this type of valve has long heen
suspecteds It may be shown that a reversal of pressure difference
across the valve can occur due to radial flow even under steady
flow conditions. This is small compared to the reﬁersea pregsure
difference which may be observed on occasion from indicator cards,
due to pressure surges caused by the initial large ﬁressure
difference required, with high speed compressors, to overcome the
effect of valve seat area and of valve inertia. Even when the-
valve breaks away from its seat the cylinder pressure may
continue to fall until the flow rate of the gas is gppreciable.

The pressure fluctuations thus initiated may be so violent that
the cylinder pressure may subsequently be greater than the pressure

in the suetion pipe in the case of the suction valve and less than
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the pressure in the receiver in the case of the discharge

valve. Such phenomena led Bishop (3) to suggest that the
inertia of the gas associated with the valve passages should be.
studied, the cylinder and valve passage being considered as &
Helmholtz resonator. By making a number of simplifying
assumptions he was able to calculate the discharge portion of an
indicator diagram and obtain reasonable agreement with an

actual card. The pressure fluctuations were so large that it
was concluded that severe valve flutter must result.

Pregsure wave action, which may appear in the suction or
discharge line with a resultant wave of rarefaction in the
cylinder, was studied in an air compressor by Voissel (31).

The effeect of various lengths and curvatures of pipe line was
investigated and good agreement obtained with Sommerfeld‘ts theory.
Recently Willey (35) showed indicator cards where oonsiaérable
wave action was present during discharge from an air compressor.
When air was passed through a discharge valve a high pitched
rattle was heard together with an -audible note in the discharge
pipes. It was deduced that the pipe resonance was enhanced,

or perhaps initiated by the flow interruption due to valve
flutter, since the pipe resonance ceased if the valve was
secured. Afti:unusual suction line (Fig. le) could be ébtainei
with a resuliant increase in volumetric efficiency. From the
evi&enee available the pressure wave action is less troublesome
during the suction process than during the discharge process,
probably due to the lower piston veloecity at commencement of
suction. Gosney (9) showed that pressure wave action was

unlikely in small compressors pumping Freon 12
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CHAPTER 2.
AIM AND SCOPE OF PRESENT WORK. (GAS COMPRESSORS).

The velve performance of a small high speed reciprocating
gas compressor is examined following the general theme of the
mathematical analysis by Costagliola, but evolving somewhat
simpler equations. The primary object is to further knowledge
on the partial losses contributing to the large difference which
is known to exist between the theoretical indicated and actual
volumetric efficiency of such a compressor. The study is mainly
concerned with the aefion of a cantilever reed type suction valve
and the losses due to ite Certain coefficients required for
the theoretical analysis are determined by static flow tests.

Since the problem is so complex various assumptions must
be made to obgain any eanalytical solution. A substantial
experimental programme is therefore also required o find the
actual effect of the principal variables involved. New
techniques were necessary to reduce the experimental errors
usually associated with compresser testing. The compressor
performance is examined, with varying permitted wvalve lift, valve
spring stiffness, valve5weight, compressor speed and pressure
ratio. Since compressors of this type are widely used to pump
agir and also in very large numbers in small domestic type
refrigerating units, the test series are carried out using (a) air

and (b) the dense refrigerant Freon 12.




CHAPTER 3.
THEORETICAL ANALYSIS OF THE PERFORMANCE OF THE
SUCTION VALVE OF A SMALL HIGH SPEED GAS COMPRESSOR.

The usual approach to a study of the mechanically operated
valve of an engine is to treat the valve assembly ag an orifice
and so obtain the mass flow in terms of pressure difference
across the valves In such an application the wvariable flow ares,
or valve 1lift, is a known function of the crankangle. In the
cage of the automatic valve the valve 1lift is an unknown function
of the unknown pressure difference and is therefore also variable
with compressor speed, velve weight, spring stiffness, fluid
properties, etfc. Hence the very simplicity of the automatic
valve makes for a complex analysis, since a further relationship
is required between the valve lift and pressure &iffefenee across
the valve.

To obtain an analytical solution the following assumptions
were made:—

ls. Processes during the cyele were adiabatic except during
the suction phase.

2+ There was no gas leakage past the piston or closed valves;

3+ The valve gpring force was directly proportional to the
valve lifte.

4, The valve drag coefficient and coefficient of discharge
were constant and the values were those determined by
static tests.

5« There was no damping of the valve movement by oils

6+ The inlet manifold was sufficiently large that the
pressure remained constant. there.

3. 1 _Valve Opening and Pressure Drop from Flow Considerations.

From the standard formula for one dimensional suberitical

flow through an orifice, and referring to Fig. 1.

R (A

R (¥ Pl P (1)
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It P is small compared to 1 this may be reduced to

-_-Cdﬂ E’S L'S\-P; (2)

From the subseguent experimental data it may be shown that the

calculated value of w at the worst combination of compressor and
valve operating conditions is only in error by 6% (high) and under
normal operating conditions the errdf-is 1% (high). Hence a
congiderable simplification is effected by'this reduction and

the error incurred is not greater than the experimental error in

the determination of cy -

since ( = ;is‘XR—r‘; ,1__;_—_—(? » A=Re<

QQL%LE..x.J\—_E}

By consideration of the general-energy equation for a gas and

(3)
then w

i

its differentiation with respeet to time a further expression
is obtained for w.

Neglecting heat transfer effects during suetion, then,
External work done = change of energy innthe systeme.

v
S /_%_g‘! =—aml 4 ey Ty 4 e (M-my) T (4)
v,

where the last term on R.H.S. denotes the enthalpy addition to
the closed system due to the flow energy of the induced charge.

Simce  Cp = Cv+R , PV=RT , V-RArz

(M-mML) RV, —5 Phedz = Icq {m‘ =Ty = (m-m, )T, & (5)
z

Y%




TTEV:: {
R y -1

(e s o PAgde < P2 T, R

gince

(6)
dividing by §FAp
let'. — X""Sz d = 2 onth
Ap qujz CP?S-'_C ’ (7)
differentiating wer.t. time
dm Vi dz d0 4 <%
Fac TE W T -TE (8)
0= w
s:I.nc:oa-QEl j ayﬂP(VdL . o0
C:Jf V, d6 V. ¥ dP (9)
9 - vkt — fqgde (10)
since»w=gga, then (3) = (9) and w is eliminated.
d@ _ H er ;5 | -9 __ X (P dz. :
40 c.:rF\ Z. (11)
d@ r CC‘E! C/ ;’ dz
40 = (Sa,z&/)( ) “‘(jigé")(? (12)

9 - (L)(cﬂ;o« J-g -()@ (13)

where L and N are known functions of v , dependent on compi'ess'or
dimensionss G is a known dimensionless paramgtér—depending on
operating conditiong: if multiplied by a factor Jjgggj- .it

is equal to the flow parameter B used by Costagliola. This is
the first relationship between the unknown valve 1lift ratio «,
‘the unknown pressure ratio @,and the crankangle o.

3. 2 Valve opéning andrPressure Drop from Dynamic Considerations.

The following relationship between (Y,acand the crank angle %
is that given by Costagliola (3).
) Force due to fluid drag on the valve = Cﬁ;a(ibp-FJ




Through the small valve 1lift the spring stiffness may be

assumed constant. There is no spring load when the valve isclosed. .

Hence
%\/ wthe i(g@ - Gap(t - @) —khe (15)
r};l\: > i\\aga B (QD?%?)(\—CP) - (16)
since “in==€E2§ﬂ andi?'cbz_gi;‘ I £§€§£§
%a%\%“ -3 -9) -0 (17)

where g and J are known dimensionless parameters dependent on
compressor characteristics and operating conditions. When
evaluating J, Costagliola used Cp = 1:3. Thig is the velocity
drag coefficient of a circular disc suspended in a broad stream.
The pressure drag coefficient for the overall valve assembly was
shown by experiment (Appendix III) to be about 0.2 when based on
the whole valve face, or 0.535 when based on the port area.

3+ 3 Relationship Between L, N and g .

The relationship between z and Uis deduced in the usual way
from the compressor dimensions. If z is the distance from the

piston crown to the valve plate

7 = r(\ — cosU + It—&%aﬁ) + clearance (18)
= Y (\ — Co.‘:h +-4‘7—:€ — -4—";( Cod 29) + clearance (19)
2zr L .
? — (ag -+ tﬂ‘,e COS& 4_:E Qos?ﬁ) (20)
wnere § = § + ¢learance
E._dz_. = (5\h6 + X s aﬁ').
§ dD al

(21)




A mean value.bf the fractional clearance throughout the
experimental work wa® 5% hence Jd=0-55 and since~% = 0+142857

far'the'compresspr examined,

2z . (11357~ cosD - 00357 cos2® ) (22)

2dz | (3m0 + 0-07I428 sinab)

5db ri} - (23)
Henoe L-- 88 N—- v (Slr\e + OOTILAS Slv‘\aﬁ) (24)

(11357 = cos® - 00357c0s2) (11357 ~ cos® - 00367 cos2)
The graphs of I and N to a base of U are shown to a small scale
in Fig. 2.

3¢ 4 Solution of equationss

The valve 1lift and pressure drop across the valve, as
expressed by the unknown variablesn<and(?respectively, are given

by the simulatneous eguations

@'= LCe=xig —-nNg (13)

2 " {1 _ _
= Th9) - (17)

where I and N are known funetionS*pf'S;&e@endent on compressor
proportions and gas properties, and G.J and ¢ are known parameters
dependent on compressor aimensicns, operating conditions and gas
properties. The range of these parameters for the compressor
used in the experimental work is shown in Fig. e

The whole suction process may be broken down inte a number
of stages. B
- Stave I. The valve is opening, and both egquations hold. The
initial value of O (94,Fﬂgs 1.) is obtained from the isentropic
re-~expansion of the~elegrance gass. Initially « = O and d=1 .
The stage normally finishes when X = |, ise. the valve meets the

stope The valve may come to rest before reaching the stop;
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Stage IT. If the valve remains open against the stop only
ege 13 holds, till the pressure falls to & value given by
C?=J -%-when.the velve starts to closes Under certain conditions
the valve may leave the stop and return to it seversasl times before
the final closing process, ise. valve flutter mey take place.
vtage Il1I. The valve is closing and both equations, hold.
Initially X=1| and @ =|-5 . The stage finishes when gither
X=0or§ = 1| .
Stage IV. The final stage continues till both X = O and G?
This is a stage of interest in a study of‘the logs due to gas
leakage by blow-by after piston reversal at B.D.C.

The expression developed by Costagliola eguivalent to
equation (13) had no direet solution. In an attempt to remedy
this, the present gimpler form was deduceds However, there is
still no algebraic solution and it was finally concluded that the
difficulties were inherent to such an expression which, based on
thermodynamie considerations, results in a non-linear equation.

Since direct solutiens could not be obtained a stepfby-step
process by Milne's (74) methods of numerical calculus were sought;
The behaviour qearwy =l of the term | -§ caused difficulties
and neither a starting process by Taylor's series nor by starter
formulae was successful.

Equation 17 is a form of the second order differential
equation lacking the first derivative which is found in many
vibration problems. Since (=1 at =0, (= a‘\r Fig. 1.) at
the start of opening, t@gn(;he solution¥* is

x#—j&\y SOC? [—l—'t:osgu_%_’_\l’_}’\}/‘ | (25)

* gee reference Tl, page 403+
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wheref#jis a variable of iﬁtegration which vanishes when the
limits are substituted. ' If it is zssumed meantime that
remaing constant dwring opening then at %T=:aétop.

/\(): BS OP
T @ 3| co56*W]“ﬂf (26)
°< = = (b - s 4%
“A’l'oF f\l’=60 =Ose§" (b :
& - 0st ' -
The integral = ese*%e“‘? . MF =H (27)
G
L
which is plotted to a small scale in Fig. 4.
f
Initially {o = | at o{, = Oand from eqs 13 (,= -N which may be

evaluated from eqgs 24+
HEneé H seat to stop = 5, N, from which the first approximation
of the interval U seat- O stop. is obtained and is shown in Fig. 5.

The subseguent more precise determination of this interval
showed that the first approximation was.quite goad, although
somewhat too large in every case investigated. In the shortest
time of valve opening the first approximation was 2,28° compared
to the more precise value of 2°; under conditions for the longest
time the first approximation of 12+1° compared to the precise
value of 10.9°% _

Similarly the first approximation of the valve motion is
given by

c(~=-iIQ%}1 = constant x H - (29)

and the approximate valve displacement curves during opening,
which mabie shown to approximate to cubic parabolae, are
obtaineds

By arranging eq. 25 geveral but similar methods Sf precise

step-by-step determination of X and Yare possible. While none

was found to be neater than that of Costagliola, the present
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gimplification of the equations enabled his graphical methods

to be superceded and solutions obtained by calculating machine.
While the process is still laborious, values of X and (Pcorrec'b
t0 0.1% could be obtained in a reasonable time after operating
experience. Solutions converged rapidly during valve opening
and four steps appeared sufficient for the determination of the
< and (§ curvess

If 8'.taztog-» O seat.. pp with Ostop determined by the first

3 _
approximation in Fig. 13, and suffices 0, 1, 2, 3, 4 indicate

equal increments during opening, then the values of

Hl’ H2, HB, H4., are Hl = -[}% - @'n..é.g P H&. = E‘_AG "5‘."‘...2..'_%9 etco,
8.1_1& 0Hy =Hy -Hp, AHp = H3 —Hy, AH3=H4-Hp
For astep (1) <, =~ TC?O'Hl = + INH, ' (30)

With this velue of o , (, is obtained from eq. 13 with appropriate

values of L and N and the mean value of CP’ over the interval AE
is Prcon = £ LG+ @1
and (V' = | + CS)-:“eqn a6 (31)
So by similar steps t(la step (4) whence
Ly = =47 { gt + @AM+ @2Hz + @ AHS}

| and (?u = C?s * C?h,qean ab (32}
Since the first approximation of the time taken for the wvalve
to opeh ( AC ) was alﬁays t00 large the value of o, from the
*exact" solution was always greater than unitys. With the revised
value of A0, the whole process was again carried through,

experience enasbling a guess of A0to be made éo that o, was
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correct to within 0.1% after this second computation.

The upper and lower extreme values of compregsor speed and
valve spring stiffness at three permitted valve lifts were
examined. The curves of valve 1lift during opening and the
curves for pressure drop across the valve for these twelve cases
are shown in Fig. 6 and Fig: Te

3. 5 Discussion of Resultse

The initial part of the suction loop showed that the fall in
pressure in the cylinder was a function of the compressor speed
and of the valve spring stiffness, but was indeiendent of
permitted valve Llift. As the pressure difference across the
valve decreased from the maximum reached, the curves at any one
speed and valve spring stiffness always diverged slightly for
different permitted lifts, a phenomena which was not readily
explained.

Within the range examined the pressure difference across
the valve as it neared the stop was rapidly decreasing for each
permitted valve lift except the smallest. This result has far
reaching consequencess

In the cases of minimum permitted 1lift the valve will
remain against the stop since the pressuﬁe difference across the
valve will increase due to increasing piston velocity. At |
higher permitted lifts, the valve will probably leave the stop as
the pressure difference is décreasing. The subsequent decrease
in valve flow area together with increased piston veélocity will
result in an increase ian and a return to the stop. Hence a
flutter of the valvd will be initiated. In the event of the

valve failing to reach the stop on opening, at very high permitted
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1ift, it will tend to close from the point of rest and

subsegquently reopen to a high 1ift, or to the stop, due to
increasipg piston velocity. That this occurs has been shown by
recent experiments with a ring type valve without a limiting stop
where the discontinuous curve of valve displacement on opening
was observed by the technigque described later. It wag also
observed with the cantilever reed valves when there was no valve
1ift limit (see Chapter 4. 5).

When the valve reaches the stop and stays there the

- subsequent analysis for stage II 1s relatively simple. Eg. 17

lapses and eq. 13, with o« = tholds until the decreasing piston
véloeity results in a decrease of pressure difference across the

valve t0 a value given by

{
@— ‘ iy (33)
at which the valve begins to closes During closure (Stage III)
equation 13 holds together with

=B
DT e A

However these circumstances arose only if the permitted valve
lift was somewhat less than 0.0175 in. The later experimental
work shows that the actual volumetric efficiency was constant
over a wide range of valve lift, but the low 1lift (0.0175 in.)
lay below this range for both air and Freon 12 and suet{on valve
throttling then adversely affected volumetric efficiency. This
case, therefore, is not of practical interest for the compressor
examined.

The value of Gpobtained from eq. 33 glives the pressure

difference which must exist across the valve, in inches of
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water, If, on reaching the stop, the valve is to remain there.

Permitted Valve Lift (in.) 0.0L75. 0.035 | 0:07
Iight Spring |

(OuOOE in. thick valve reed). 243 3.23 6.93
Stiff Spring

(0.012 in. thick valve reed)s| 18.5 3T T4

Since the pressure difference across the valve is always
decreasing as it approaches the stop and since there will be some
rebound due to impact a? the stop, it is evident that valve
flutter will occur in the majority of cases examined. As shown
later the flow conditions are such that, once initiated, this
flutter is readily sustaineds  The valve movement and valve
pressure loss may still be computed by eqs 13 and 34, or by 13
alone in the (unlikely) event of the increasing piston velocity
eventually holding the valve on the stop. However, the values
of X and (? vary so rapidly during valve flutter it was found
that very small increments of crankangle (a fraction of a degree)
would be required in the step-by-step process and the labour of
computing over 150 degrees becomes impracticables  Further, if
valve blow-by losses are important the main interest centres on
the end point when the valve has just returned to its seat, and
the errors have continued to aceumulate to that pointe

Hence the analysis of the valve opening phase has explained
some of the phenomena.associated‘wiéh the behaviour of a valve
of this types However, within the range of valve lifts of |
practical interest, valve flutter occurred and the mathematical
equations require an impracticable amount of time for their

complete solutione
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CHAPTER 4.

EXPERTMENTAT MEASUREMENT OF |
VALVE MOVEMENT AND VALVE PRESSURE LOSS.

The movemgnt of a.cantilevef type valve reed during the
eycle in a small high spea&'eompressor—was.recordediwith various
vaive and compressor variables. On account of the lightness of
the valve in a small compressor, the high rotational speed and
the possibility of high frequenecy oscillations due to flutter and
impact, mechanical indieatorsrare-not suitable and a new
experimental technigue was developed. |

The cyclical pressure drop acrogs the suction valve while in
operation was measured. This provided a "light spring" diagram
of the actual attenuation during suction and the loss of
volumetric efficiency due to this effect was computede. The effect
of valve and compressor variables on the throttle loss was
observeds

4. 1 Apparatus.

(a) The Gas Compressor. The compressor had a single acting,

gingle cylinder, 1% in. bore, 1 in. stroke. The cylinder head
consisted of a valve plate and a top oover.‘ The wvealve plate
carrie&‘fhe cantilever type vél ve reed. The suction valve port
through this plate was 3/8 in. long and 11/32 in. diesmeters The
exhaust valve consisted of a briﬁge:holding a beam type valvee.
The clearance volume was found by measurement of all the
clearance spaces, and the fractional clearance varied from 4.64%
toi4.91%'depenaing on the thickness of the valve reed in uses

Thé compressor was belt driven by a 1 B.H.P. compound wound

DeCe Motor. Speed was measured by a stroboscope focused on the

compressor pulley and directly coupled to the mains freguency.
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The compressor speeds chosen were all simple fractions of this.

(v) The Valve Reed. The cantilever type valve reed (Fig. 9) is

typical of that in common use in small gas compressors. To
provide a range of valve weights and stiffness, sets of walves
were stemped from steel plate thickness, 6, 8, 9, 10, 12 x 10 34n.
This was the widest practical range. A lighter valve would be
liable to fallure by collapse into the valve port when the high
and low side pressures acted across it; a heavier and therefore
stiffer valve was wnlikely +t0 reach the desired valve lifts at
low compressor speeds. - The Swedish manufacturers of the plate
provided a chemical analysis:— Carbon 0.95 to l.1%, Manganese
0,25 to 0.4%, Silicon 0:25 o 0.35%, Phosphorous 0.023% max.,
Sulphur 0.075% maxs
The physical properties of the material were determined in

preliminary tests. The Vickeérs Pyramid Number was about 600.
The Ultimate Tensile Strength, averaged from several test pieces,
was 107 tons/in.”, this high figure being due to the strain
hardening from the cold rolling process in the manufacture of the
plate: the makers claim an U.T.S. 120 tons/in.2. The average
surface finish of the valve reeds, measured by Talysurf recorder
varied from 2 to 7 miero inches. From tests with ten specimens
the fatigue strength wes found to be 53 tons/in.2 on a basis of
16 x:106 rqvérsals. The natural frequency of the valve reeds

was measured by electromagnetic oscillator and also calculated.
| The spring stiffness was calculated from the natural frequency

and also measured.

Valve reed thickness, in. x 1073 6 8 9 10 12

Fundamental frequency, ~/sec. 100 121 136 = 144 166
(measured)

Tundamental frequency * 109 125 133 141 155
(calculated)
Spring Stiffness 1b/in. 0.237 0.563 0.8 1.1 1.9

¥ The second mode would be at 6.16 x fundamental frequency.




(e) Valve Iift Control. Preliminary tests showed that it

was necessary to devise a control of the maximum permitted valve
1ift which fulfilled the following requirements:—

(1) vVaried the valve lift throughout the range
required, without stopping the compressore.

(ii) Measured accurately the valvé lift.

(1ii) Measured the maximum valve lift, if this 1ift
was less than that permitted by the check.

(iv) Did not alter the very small clearance volume. .

(v) Was absclutely gas tights

These requirements were met by the device shown in Fig. 8.
The hard steel wire 0.042 ine. dia. was operated by the micrometer
head from outside the compressor fulfilling (i) and (ii). To
provide for (iii) this wire was electrically insulated from the
compressor and so formed a "make and break" contact with the
moving earthed valve reed. Increage of the permitted valve 1lift
by the micrometer until no contact was recorded indicated the
maximum valve 1lift, at the fip, fbp any given operating conditione.
The recording of the contact was shown visually by the breaking
of a trace on the oscilloscope screen. During most of the
testing, however, earphones were used t¢ record contact at the
maximum lifte. An increase in the depth of the milled@ check in
the cylinder wall had to be made to allow the desired range of
liftese The slight increase of clearance volume was partly
offset by the volume of that part of the control wire which
projected into the cylinder so largely fulfilling requirement (d).
The transmission of the micrometer head movement through the
cylinder head without any gas leakage (e), was obtained by
fitting a brass bellows seal as shown. The electrical lead

necegsary for the maximum 1lift indicator was taken through a small
gland in the top of the bellows.
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() Yalve displacement pick-up. Since the valve in a small

eompreééor maj»weigh only 0;03 0z+s no attachment to it is
feasibled A mechanical indicator, with its inherent inertia
forces would seem precluded although mechanical devices were used
in larger compressors by Lazendorfer, to indicate ring plate
valves, and by Costagliola to indicate feather vealves, the latter
(with some difficulty) operating at speeds up to 2000 r.p.me

The indicator should not affect the small clearance volume
and should be easily installed, accurately calibrated, reliable
and gas tight; An electrical device meets most of the
requirementss the pilick-up may be small and a lead from i¢
readily taken out to the bulk of recording equipment sited clear
of the eempressor‘ The present choice of physical phenomena which
may be used t0 convert a mechanical movement to a proportional
electrical effect is small aﬁe to the vearious limitations imposed
by the problem. Either a capacitative or inductive pick-up
would suite. The former was selected as it has less bulk, is
more robust and of simpler construction, and the working fluids
(air and Frenn 12) have good dielectric properties. The pick-up
unit is shown in Fige 9; the moving valve reed formed the
earthed plate of a variable condenser and the fixed insulated
plate, 0.18 in.2 area was bedded in the valve plate. Gas |
gealing difficulties necessitated a proper gland seal for the lead
from the units The calibration of the unit is shown in Fige 53,
Appendix IV.

(e) Valve Displacement Recorder. (Figs 10). Since a iaxge

range of frequencies of the moving valve, down to static
conditions for calibration purposes, would be experienced, some .

form of "“carrier" was desirable. Hence the pick-up unit was
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energised by an oscillator, tuned to 500 Ke/s« The original
intention was to use a crystal oscillator, but the unit shown in
Fige. 12 based on Colpitts* circuit, proved to be very stable.

The pre-circuits for capacitative type pick-up units may be
broadly classed as resonant circuits and bridge circuits. The
bridge circuit hag an inherent advantage of easy tuning (usually
the best balance of the bridge), and while both methods would
serve the present purpose the bridge method was selected and a
two channel unit constructed as shown by the block disgram (Fig.ll).
The construétion was such that the bridge units were detachable
from the whole and could be replaced by the inductive bridges
used in the water pump valve investigation reported later.

Cathode followers were provided as buffer stagés between
(a) each bridge and the single oscillator supplying both chanpels,
and (b) between each bridge and the following amplifying stagee.
These prevent interference between each channel amd extraneous
disturbance of the bridge voltagess

Since one side of the pick-up, the valve reed,was necessarily
earthed, a double ended output was inevitable from the bridge.
The varying potential difference across the bridge was, therefore,
supplied to a differential amplifier and the single output then
passed through the cathode follower to the main amplifier. A
demodulator stage was incorporated to filter the R.F. carrier
and sgo give a simple line trace. This stage could be readily
by-passed to facilitate the balancing of the bridge by viewing
the amplitude of the carrier.

Two prototype recorders operated successfully at carrier

frequencies of 200 Kc/sec. and 250 Ke/sec. respectively. The

finel compact two channel unit described here, tuned to 500 Ke/s,
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permitted the use of standard R.F. amplifiers. The amplifiexr
gain in each channel was made to sult the different gains of the
two channels of the Cossor, model 1049, D.C. double beam
oscilloscopes One beém was used to show the amplitude modulated
carrier and the other to record phase markinge. ' The traces
obtained were photographed by a Gossof camera, model 1425, using
35 m.ms Kodak super XX film. |

(f) Differential Pregsure Pick-up. The pressure drop across the

suction valve was measured by & pressure &ifferenxialneapacitive
type pick-up recording through the two channel unit already
described.

Capacity type pressure pick-ups have been frequently used
but additional problems in this application made difficult the
construction of a suitable unit. The back of the diaphragm had
t0 be open to the suction head pressure while the front was
exposed to the cylinder pressure. The pick-up had to be sensitive
enough %0 measure accurately a pressure difference of 1 in. water
across the suction valve while open, yet sufficiently robust to
withstand a pressure difference of 50 lb/in-.2 or more during
delivery, without alteration of calibration. The method of
calibration, which for accuracy must be done with the element in
situ, also presented’problems;~ |

The attractive arrangement woﬁld be to have the diaphragm
integrel with the unit body, and therefore gas tight, aﬁd the
whole screwed into the valve plate flush with the cylinder side,
legving the clearance volume unaffected. Several units so
construeted, from various types of steel, failed to provide an

element of sufficient sensitivity. A suitable unit was finally

obtained (Fige 13)s A disphragm cut from shim steel 0.002 in.



e)

2
==

s
Vs

Ay

~
N
1 A
—— -
!

PRESSURE PICK-UP ELEMENT

A,B,C, PRESSURE TAPPINGS FOR CALIBRATION.

Q. PACKING PIECE.

| FLECTRODE PIN AND FIXED PLATE
TAG WASHER AND LEAD.
INSULATING BUSHES

LOCATING BRIDGE RING
LOCKING  RING |

OiL RELIEF GROOVES AND VENTS

e I A

O-0005 IN DIAPHRAGM CLEARANCE
WITH MICA DIELECTRIC .

0o

. VENT HoLES

9. 0002 v

IN BRIDGE

SHIM  STEEL DIAPHRAGM.

|3,

Full

F1G. No

Scale - (@) and {b) SIze

{€), () and (2) Twice full Size




o - e N . —~ = [
thick was clamped in the valve plate, thus providing minimum
diaphragm thickness with maximum sensitivitys. The diaphragm
was honed round the edges and hoth sides alternately lapped on
plate glass. Grooves were cut in the face of the fixed insulated
plate to provide adequate ventilation of the back of the
diaphragm and in the hope that traces of oil would collect there
rafher‘thaﬁ in the gape. Thig plate, the insulating bushes and
locating ring were firmly assembled and the faces of the locating
ring and plate trued. A cut of 0.0005 ine. then taken from the
insulated plate provided the clearance. The face of the locating
ring was lapped and then used to lap the step in the valve plate
which provided the other locating face for the clamped streiched
diaphragms The dielectric gap was filled by splitting mica
till a piece close to 0.0005 in. was obtained. It must be'
fitted exéctly, otherwise the large signal generatedduring
digcharge would swamp the amplifier, which would not recover
guickly enough from overloading to record acewrately the desired
gignal during suction. The assembled unit, which did not exceed
the depfth of the valve plate(3/8 in.) overlapped the cylinder
" wall and so allowed a packing disc to be inserted, largely
offsetting the increase in clearance wlume. The cal ibration of
the unit is shown in Fig. 54, Appendix IV, The fractional
clearance was 5. 2?'with the unit in place, &epen&ing on the valve
reed in use; i.e. about 0.67’greater~than without the unit.
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4. 2 Interpreﬁation‘and Measurement of Valve
Displacement Oscillograms. : Oscillograms

of the suction valve displacement to crank angle were recorded
for compressor speeds of 500, 1000 and 1500 r.p.m. while pumping
gir at discharge pressures of O, IOOvané 200 lb/?tn.2 gauge, with
valve lifts (at tip) of 0O, 04035 and 0.0T inge. for four valve
gtiffnesses, i.e. reed thickness 04006, 0.008, 0.010 and 0.012 in.
A set of three of these 108 unrectified diagrams is shown in

Fige 1l4e The delay in suction valve opening, due to re-expansion
of air in the clesrance space is marked X in the accompanying
sketches. X - X is the time for the valve to open to the stop.
The delay in closing after B.D.C. is clearly shown: & slight
rebound from the valve seat is Jjust diseernable, magnified due to
increase of sensitivity of the plick-up near valve closure

(see Fig. 52). The largerdisplaceménﬁ‘( which increases with
inergasing discharge pressure and with decreasing valve reed
thickness is due to the punching of the valve reed into the
suction porte. The large pressure difference across the suction
valve during delivery results in a displacement of the reed at
the pick-up unit as shown in Fig. 15. This distortion of the
valve reed was also obéerved in the oscillograms (Fig. 15) which
recorded the make and break between the valve reed tip and the
stope. The vertical displacements in these latter oscillograms
have no significanceaWhen the‘large pressure difference aéted
across the suetion valve during discharge, the valve: reed tip'
was sufficiently bent downwards to make contact with the valve
1lift check as shown by R, if the permitted 1lift was small.

"The oscillograms of valve displacement were enlarged and

measured . Some of the results obtained are shown in Fig. 16,
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The inaccuracies involved in the various experimental procedures
together with the irregular behaviour of the valve made it
difficult to observe small changes in valve action. While the
108 oscillograms-géve the first picture of the valve in action
and the general trends, quantitative data from them was not very
accurate. An improvement in the technique, at great expense
for film, would be to drive the film, and so extend the time base.
It may be seen, however, that the delay in point of vealve opening
was only slightly affected by compressor speed, about 3° average,
at the highest discharge pressure, where the speed effect is most
pronounced due to relatively high piston speed at valve opening.
The &élay increased noticeably with increase in valve inertia
and spring stiffnesse. The period during which the.valve may be
considered fully open decreased with increase of valve stiffness
and increase of valve lift but there was a wide scatter of
individual results due to the effect of oil and valve flubtters
4. 3 Valwve Flutter. When the valve 1lift stop was in operation

the flutter was usually of the small amplitude shown in Fig. 14,
and the frequency was close to that of the natural frequency of
the wvalve reed as a simple cantilever. It was found that the
amplitude was severely damped, pariticularly with the lighter
valves, due to the oil on the stob. As shown in Fig. 18 the
flutter could interfere with the commencement of the closing
processe. Normally the flutter‘tgnde& to die away, but
exceptions were not uncommon. Fig. 17 shows the build up of
flutter during the time the valve was opene. It is possgible
that self excited flutter of the valve takes place; that there

is an alternating force which sustains the flutter, the necessary
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energy being supplied by the flowing fluid, eved if the fluid

'flow is steadys. Consider the valve vibrating about-an average

position. In this average position the outflow from the'suction
valve into the eylinder is equal to the inflow into the compressor
head cover. If the valve is further open than this position the
outflow is greater than the inflow, i.e. the pressure in the head
cover is reduceds If the valve is further closed than the
average position the outflow is less than the inflow, i.e. the
pressure in the head cover is increased. Therefore, when the
valve is just past the average position and opening, pressure is
diminishing, so that % cycle later, when the valve reaches the
average position but closihg, the pressure in the head cover is a
minimum. Similarly, when the valve passes the average posgition
during its opening phase the pressure is a maximume. Hence the
pressure energy does work on the flutter, The energy so supplied
may be considered as a negative damping force. This force will
be pértially offset by the positive damping due to the viscosity
of the flowing fluid, thus preventing an exponentially increasing
amplitude of flutter{ The frequency of such a flutter will be,
for all practical purposes, the natural frequency of the valve
system. Since this type of flutter is not dependent on dynamic
considerations it should be @ossible-to reproduce it by static
teste HBowever, during the static flow testS'(Appendii ITI) it
wag observed that flutter could neither be initiated or maintained
by a steady gas flow@ In the compressor the greater the permitted
valve lift the more severe was the flutter, due to the decrease
in the damping effect of the valve stope. With the heavy valve
the émplitude was ofiten equal to the whole valve lifts
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4+ 4 Yalve Action with Freon 12. Valve displacement

oscillogfaﬁé'wefe obtained by the same technique when pumping
Freon 12 with this compressor in a refrigerating circuite. The
range of pressure ratios available was necessarily much reduced.
The same ccmpreséor speed range was used at two pressure ratios
with fixed evaporating conditions (5°F.) with three valve reed
thicknesses, 04006, 0,009 and 04012 ine. at three valve lifts.
Specimen oscillograms are shown in Fig., 19.

While the general form of the oscillograms is similar to
those obtained when pumping air, a feature not previously observed
wasg obtained at high compressor speeds. Close to T.D.C., when the
valve reed was distorted, it temporarily returned +to0 the valve
plate (point D, Fig. 19) leaving again just after T.D.C. This
was due to the piston striking the reed, the pressure of the
clearance gas being sufficient again to distort the reed during
re-expansions Thus the cléaranoe volume, while adequate to
accommodate the flat reed, could not accommodate the distorited
reed, with qansequent gevere punishment to the already highly
stressed valves

The valve flutter was seldom greater than in the examples
shown, but there:were a few cases of build up of flutter similar
to Fige 1T+ In the tests with alr a greatly increased amplitude
was obtained by-throttling’the suc%ion. Perhaps at lower
evaporating temperatures the flutter would inecrease in éeverity.

Some measurements from the éscillograms-are shown in Fig. 20.
These show that (i) the discharge valve was effectively sealing
so: that the pressure ratio did not.materially affect closing
after B.D.C., (ii) the delay in suction valve opening (and in

closing) was again énly slightly affected by compressor speed
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(Fige. A), about 60 change from 1000 to 1500 r.p.m. compared to

about 3° with air, (iii) the action was virdtually independent of

the dynamics on the valve.

figures using air;

This last is at variance with the

perhaps the relatively larger mass of Freon

12 which may be assumed associated with the mass of the valve reed

tended to reduce the effect of the wide range of valve weights

and spring stiffness used.

4, 5 Direct QObservation of Valve Actione The valve action was

also directly obéerve&’by gstroboscope.

A ported type compressor

(see Appendix II) was Fitted with a suction valve reed in lieu

of a discharge valve and the valve plate clamped in position

without a cylinder head.

behaviour approximated to the suction velve action in a

conventional arrangement.

With no discharge pressure the valve

In the firet test the compressor was driven up to 3000 r.p.m.

without a valve stope.

During the opening of the valve there was

a small but distinet flutter or lag in the movement at about half-

the amplitude, from which the valve quickly recovered, opening

thereafter to the full amplitude of the valve opening with

subsequent flutter.

Compressor Speed — I'sDalle 800 | LO0OO | 1200 |1600-| 2000 { 3000
Unrestricted Lift - ine. + 06 .08 .1 « 14 .15 16
Free Vibrations (flutter) 4 3 2 L 1 1

Depending on the pressure ratio used there would be a number

of compressor épeeds at which the flutter synchronised with the

valve closing process.

At slightly higher compregssor speeds the




Sde
the closing process was interfered-with, probably to the

detriment of performance due to increased blow-by. At compressor
speeds slightly less than these critical vaiues-the closing action
could be ihitiated smartly due to commencement of a flutter.

When the valve reed tip was checked the asction was similar
but the amplitude of the flutter was reduced: the damping effect
due to the oil film between the reed tip and the stop could be

clearly observede. For this same reason rebound from the valve

"seat, which could be observed, was always small.

4. 6 Yolve Pressure Loss. The 35 mem. film records of the
rectified oscilloscope trace of valve pressure drop to crankangle
(Fig.. &), for T2 cases were enlarged some 15 times on a Hilger
Enlarger and then traced. From the calibration curves
(Appendix IV) and a stroke to cﬁankangle chart these tracings
were converted to the conventional P.V, diagrams (Fig. 22) and the
areas measured by planimeter. -

The loss of volumetric efficiency due to0 attenuation may be
computed as follows:—

Neglecting heat transfer effects dquring suction and assuming

that the wetight induced is discharged to the receiver.
JdE + RdV _ o
Referring to Fige. 1. s
ey (miy = m )+ v{/pcw"‘@ (mi-mJ T =0 (35)
| ) gy e pANMe M) by = 3
the lasgt term on L.H.S. denoting the enthalpy addition to the

closed system due to the flow energy of the induced charge.

Vi
Depending on the form of the suction line the term.gv:g%y
-

may be part positive and part negative.
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Since Cp=C + B, PV-mRT then
7
_3/Cv LW\T Mq-‘q_ (W\\""Y\H—) ) (Wh W\‘f-)‘ V S (PAV
since Pi-P IR 5 3¥ = ?'__ TV then

L L %—5 (l-w)*ﬁg—‘(\frvw)

TV _ (Ve et e
T T VP Y A dV
1.3.4\ indicated- 4\ actual =

(36)

--times area of suction loop

Mqa

By eq. 36 the losa of volumetric efficiency due t0 suction valve
throttling was computed and the results are shown in Fige. 23.

The outstanding feature was the small effect of throttling
loss on volumetric efficiency: even when the air velocity
through the restricted area of the valve was as high as 500 ft/sec.
the loss of volumetric efficiency thereby was only 2&%. At
more normal operating conditions the loss did not excéed 1%, so
that there was no severe deterioration of performance at high
compressor speeds or low valve lifts because of the choking effect
of the suction valve. The leskage effects and heat transfer
effects, relatively large when the machine is small, probably
decrease with increased compressor gpeed and@ the optimum
compressor speed may, therefore, be surprisingly high since the
valve throttling loss is so smalle. At a pressure ratio of unity
there wag little difference between the losses due to the light
and heavy valves. This may have been dueAto the low piston
veloeity at opening, making valve dynamics unimportant, and to
the valve being open for a long period of the stroke reducing
the effect of differing valve characteristics at opening and
closinge The appreciably superior performence of the light valve

at very low lift was probably due to its greater ability to flex

with the large pressure drop, providing a somewhat greater flow
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area than the nominal. ‘ ‘

At the higher pressure ratio the difference between the
valves was more marked. The higher piston speed at opening‘now
made apparent the superior dynamical properties of the light
valve at this phase, but at any given speed and 1lift the
difference between the loss of volumetric efficiency did not exceed
0:75%.

’The'leakage loss due to blow-by during closure is not
included in equation 36 During closure the gtiffer spring of
the heavy valve may favour its performance by reducing blow-by,
offsetting its initial disadvantage that it reaches the stop
later, if at all, and leaves earlier, resultiﬁg in a lower
"effective™ lift. Although it had double the mass it had spring
stiffness eight times greater. Hence overall the stiff valve
may be equal to or even superior. to the light valve, since the
throttling effect 6n volumetric efficiency is so small. This
is later shown to be the case.

In the analysis of valve performence (Chapter 3) it was
apparent that to calculate the points at which the valve closes
and the pressure across the valve is finally zero was very
laborious if welve flutter was presente. These two points may
be obtained from the oscillograms (Fig. 14 and Fige. 21), but the
inaccuracies due 10 the small time base and experimental errors
are considerable. However, if the experimental techniques used
were further developed with the aim of studying losses due 4o
valve blow-by, the approach would be more fruitful than the
laborious theoretical analysis with its inherent accumulated

errors due to the step integration brocesa;

Consideration of Fige. 6 and Fig. 22 shows that there is




a large difference between the  -theoretical and-actual point

at which the valve can begin to open. The loss of volumetrie
efficiency for this cause is about 20%, mainly due to the action
of the discharge valve. A pressure of about 15 1b/ins° was
necessary to operate the discharge valve, i.es the effective
pregssure ratio was two, when the nominal pressure ratio was one.
While the loss due to this decrsases with inereasing pressure ratio,
the effect is still serious in the range of pressure ratios used
in refrigerant compressors. A1l previous investigations have
assumed that the discharge valve could have little effect on
volunetric efficiency, but it is apparent that the loss of
volumetric efficiency due to its stiff springs may greatly exceed

the loss due to suction valve throttling.




CHAPTER 5.

- EXPERIMENTAL, INVESTIGATION OF THE EFFECT OF
VALVE VARIABLES ON AIR AND FREON 12 COMPRESSCR PERFORMANCE.

An experimental study was made of the effect of various
variables on the performance of the small compressor.

When pumping air, the valve variables were, 1lift,

0 - 0.085 in., reed thickness, 0.006 in. and 0,010 in. giving
spring stiffness 0,237 and 1.1 1b/in. and natural frequency 100
and 144 ~/sec. The compressor varisbles were pressure ratio,
1l -9, and speed, 500 — 1500 r.p.m.

Since a slight improvement in performence with the heavier,
0+010 in., valve was observed in the alr compressor tests a still
stiffer valve was used, 0.012 in. thick, spring stiffness
1.9 1b/in., natural frequency 166 ~/sec., and Gomperison of
performance between this and the light 0.006 in. valve made,
when pumping a dense refrigerant, Freon 12. The speed range
and valve lift range were as in the air tests, but the range of
pressure ratiosavailable was, of course, now limited.

5. 1 Apparatus. (a) Circuit for compressor tests with Air. The

compressor was direcetly coupled to a torgue-mounted electiric motor.
The air, at atmospheric condition at suction throughout the series
was compressed and delivered to én 0il separsator and receiver.

The air was then throttled to the approach pipe of the metering
orifice through which it discharged to atmosphere. A vertical
-water maenometer measured the pressure drop across the orifice;

a thermocouple measured the air temperature at the compressor

inlet flange; pressures were obsgerved on calibrated Bdurdon

type gauges.

The test procedure finally adopted was to allow the compressor




SO
to settle thoroughly at a selected speed and discharge pressure

and thén measure the air delivered at differing valve lifts, these
being controlled by the 1ift measurement devices The relatively
small éffect of wvalve 1ift on performance d4id not materially
disturb the settled temperatures and pregsures. At each discharge
pressure the mass flow of air was measured with the valve 1lift
altered by steps, at some minutes interval,from the maximum
permitted 1ift to the position with the wvalwve tip closed and back
again to the maximum permitted 1lift. The lubricating oil was

kept at a constant level in the sump, but its—presenée in varying
gquantities in various places during operation presented é difficulty
in the reduction of the experimental scatter to within the close
limits required. The results are presented in graphical form,
each curve being the mean of the two obtained as the valve 1lift

was first reduced and then increased again.

(b) Circuit for compressor tegts with Freon 12 (Fig. 24).

The Compressor delivered to an oil separator and the separated
Freon 12 vapour passed to two condensers in parallel. The
cooling water was supplied from a constant head tank and the
control of this flow by needle valves regulated the refrigerant
high-side pressure. The sub-cooled liquid passed to an
accumulator which considerabiy improved the stability of the circuit.
The liquid passed through a silica—gelhdrier, through a sight glass
t0 a pressure controlled expansion valve and hence to a calorimeter
t0o measure the refrigerant mass flowe. This calorimeter also
functioned as the evaporator. The suction vapour, superheated

$0 the ambient temperature throughout the present tests returned

to the compressor from the evaporator. The required temperatures

were measured by cal ibrated copper constantin thermocouples at
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the required points. The cold junction was taped to-a sultable
thermometer, immersed in a test tube of oil and the whole
imnersed in a vacuum flask of'shavé& ice.

The secondary calorimeter was gelected as the most suitable
for the;accurate meagsurement of relatively small changes of flow.
The input to the elee#riéal heater element immersed in the
secondary fluid was coﬁtrolled,by a Variac transformer, and slide
wire resistor for fine control. The consumption was measured
by a substandard wattmeter. Although the calorimeter was
sufficiently robust to operate with Freon 12 (72.41 lb/'in.2 abs.
at 60°F.) as the secondary fluid, Freon 21 was used (18.9 1b/in.2
abs. at 60°F.) -This permitted a mercury manometer to be used as
the indieétor of temperature of the secon&ary.fluid. No location
for either a thermometer or a thermocouple was found which gave
as sensitive a register of secondary fluid temperature as did
this manometer, which incidentally served as a simple safety
device so that no automatic cut-out was necessary in the heater
circuit. The calorimeter, insulated with granulated cork, had
a low heat leakage and this could be neglected because (a) the
expansion valve was kept close to the calorimeter and (b) the
suction line vapour temperature and the secondary fluid temperaturé
were kept at ambient temperature throughout the series.

The function of the oil separator was to reduce to a very
small fixed amount the o0il flowing with the refrigeranﬁ through
the calorimeter and compressor suction valve. The Freon 12/0il
mixture delivered from the compressor entered a cage separating
two copper gauze elements. A 125‘watt heater evaporated the

Freon 12 and heat exchange wag effected between the rising vapour
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and incdming mixture; the whole operated as a'éimple
refractionating column. The upper gauze tended further to
separate oil particles remaining in the vapour, while-the 1oﬁer
aided the distribution of heat. The denser oil accunulated and
could be bled back to the compressor sﬁmp, via the drain, at the
conclusion of, or if necessary during a test. Input to the
heater was controlled by slide wire resistor so that the separated
Freon 12 vapour left at 200°F. at any compressor speed, ensuring
a similar oil concentration, a small fraction of 1%, in the flow
through the calorimeter. The oil quanfity passed“over by the
compressor was negligible since the suction vapour was superheated
and the concentration of Freon 12 in it:. small; less than 8% by
weight, at the highest condenser-pressﬁre used, at 200°F, \Hence
the mass flow of Freon 12 through the compressor was virtually
that through the calorimeter, and, further, true values of liquid
refrigerant enthalpy could be determined by temperature measurement.
The test series using Freon 12 was carried out and, in the
light of the results and operating experience, the plant was
rebuilt and modified for the‘present series to improve the control
of the many factors influencing performance and s¢ reduce the
scatter of resulises It was found neééssary to operate the plant
for about 5 hours before‘steady conditions were obtained. During
this pericd the various controls had to be adjusted. After
commencement of a test, thirty minutes was allowed between each
alteration of valve lift to ensure éte§dy conditions againe. The
duration of each of 30 trials was, therefore, about 10 hours

subsequent to the "running-in" period and consistent results could

not be obtained in less time.
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Whentall modifications for imérovement of control had been
made, three appreciable causes of error still remained. Firstly,
the variations in mains voltage resulted in variation of compressor
speed, which was easily adjusted. The effect of the calorimeter
'was more complexXe Secondly, changes in ambient temperature, which
not only fluctuated, but varied at different points of the
basement laboratory, were sufficient to affect the accuracy
required. This was, of course, partly countered by careful
lagginge Thirdly, slight variations in water temperature affected
the high side pressuree. These difficulties were largely met by
"running-in"* the plant during the evening and carrying out the- |
tegt between 10 p.m. and 8 a.m. when there was appreciably less
disturbance of eleetrical and wéter pressures and air and water
temperatures.

Throughout the series the evaporating temperature was held
at the standard value, 5°F¢ The suction vapour was superheated
to 60°F,  Superheating of suction vepour is accepted practice
with this vapours The decrease in theoretical performance is
small, due to the low value of the isentropic index, and this is
more than offset by the improvement in actual performance due to
- reduction of heat transfer effects, which are a minimum and
constant for this machine at this vapour conditione. The
condensing temperatures used were TZOF, 84°F, and 120°F. giving
pressure ratios 3+43, 4.1 and 6.4, obtained by variation of the
cooling water mass flowe |
Change of refrigerant flow was reflected by a change in

temperature and therefore of pressure, as recorded by the mercury

manometer, of the secondary fluid Freon 21¢ This manometer
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was open to atmosphere and subject to slight error due to
variation of barometric pressure. A chart was construeted from
the properties of Freon 21 so that the correct manometer head
could be eomguted for any barometric pressure and ambient
temperature.' The setting of the manometer head was not varied
during any one test and the controlled heat input to the
calorimeter maintained the mercury head. It was possible for
the small errors accrued by vaeriation of ambient temperature~and
barometric pressure during a test to be additi%e, or to cancel
each other. To adjust the heat input and henge mercury level,
a system of bracketing was used, and, with operating experience,
the fluctuation was reduced to & short period. It was essential
that the level was exactly obtained and maingained for at least
helf an hour. |

With each weight of valve reed, two test series were
conducted, at fixed suction cenditions,'an& at compressor speeds
of 500, 1000 and 1500 r.p.m. In the first, the valve lift
was varied from 0-0.08 in. at three discharge pressures; in the
second, at particular valwve lifts, the discharge pressure was
varied from 75 - 177 1b/ins2 gauges Large gscale charts were
construceted for the various properties of Freon 12 regquired for
accurate calculation of the resultse.

5 2 Discussion of Resultses (a) Effect of Valvé Lift on Actual

Volumetric Effi¢iency -~ Air. There was no reductién in volumetric

efficiency at 500 r.p.mes with reduction in valve 1lift (Fig. 25).
At speeds of 1000 r.p.m¢ and 1500 r.pemes a slow reduction
occurred if 1lift was reduced below about 0.025 in. and 0.40 ines

respectively; that is, at mean gas speeds through the suction
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valve in excess of ahout 230 ft/seec. In the case of the light
valve, Fig. 26, there_was~actually'an increase in volumetric
efficiency as the valve 1lift was reduced, until gas velocities

of the same order were reached, after which the expected decrease
occurred. That inerease of about 2% was definite and readily
reproduced, with all other conditions steady, being represented
by a change of orifice manometer head of about 0.8 in. water.

It was concluded that reduetion in throttling loss by inereasging
val%e 1ift was fully offset by the blow~by during closure and
more than offset in the case of the light valve with ité weaker
spring. B |

(b) Effect of Valve Lift on Actual Volumetric Efficiency -~ Freon 12,

With Freon 12 as with air the volumetric efficiency was
practically eenstént over a wide range of valve lift. (Fig. 27).
The gas velocity through the restricted valve area exceeded
130 ft/sec. before the throttling loss more than offset the
advantages of low lift. Up to this gas speed there was negligible
flexing of the gtiff valve. reed so the figure was reasonably
clearly defineds |

That the volumetric efficiency would remain constant at gas
speeds less than 130 ft./sec. is at variance with common conjecture
and required this experimental substantiation. The improved
valve performance at lower lifts offset the fthrottling loss which,
as has been seen (Chapter 4), had only a small effect on volumetric
efficiency. If the valve 1lift was unduly reduced until a mean
gas speed of 180 ft./sec. was reached only a further 1% loss in

volumetric efficiency occurred.

The results at 500 r.p.m. did not conform to these figures.
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At r» = 3.45 the heavy valve did not open fully at high permitted
lifts and, therefore, with this valve at low speed the mean flow
area was more a function of the compressor speed than of permitted
lift. |

(c) Effect of Compressor Speed on Actual Volumetric Efficiency -Air.

(Fig. 28 A) This compressor, intended to operate at 600 r.p.m.
when the mean piston speed is 100 ft/min. and the mean gas
'velocity through the sﬁction valve is about 90 ft/sec. showed a
marked improvement at all pressure ratios, as speed increased from
500 to 1000 r.p.me. The optimum occurred between 1000 and 1500 r.pm.
At 1500 r.p.mes there was no marked deterioration except at low
preséure ratios. Thus the increase of valve throttling loss was
more than offset by the re&u&fion of valve blow-=-by and other
losses. At low speeds, particularly at low pressure ratios, the
light valve compared least favourably with the heavier valve with
stiffer spring. At low compressor speeds the volumetric
efficiency was very low. This was due to the manner of clamping
the suction valve reed; a method which is in general use; It
wags not rigidly held on its locating pins, otherwise further
even tightening of the ecylinder head and valve plate to the
cylinder block would not be possible. Hence the compressed
valve plate joint had a greater thickness than the reed which was
thus free vertically for a few thousands of an inch. This
clearance was magnified over the valve port and at low speeds it
was possible to blow back the whole induced charge. It is
often claimed that this slightly open suction valve assists the

breaking of the oil seal at valve opening. While, as has been

shown, the oil does affect the valve operation, variation of valve
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2e
opening characteristics have also been shown to have negligible
effeect on compressor performance. Henee this appreciable blow-by
at low speeds should be reduced by firmly setting the valve to rest
over the port, with no spring loads |

(d) Effect of Compressor Speed on Volumetric Efficiency ~ Freon 12.

It was remakrable that this vapour, about 8 times more dense
than sir could be pumped with a veloecity of 130 ft/sec. through
the valve before deterioration in performance resultede. At 2%
times the design speed of 600 r.p.me the volumetric efficiency
had only deteriorated by about 2i%.

The light wvalve, the performénce of which inereased so
remarkably with speed when pumping air, did not show any v
improvement as compressor speed increased; the heavy valve showed
a little improvement up to about 1000 r.p.m. perhaps due to its
better closing characteristics.

It was surprising that, with the light valve. at 500 rip.m.
(Fige 29 A) the compressor performance with Freon 12 was superior
to that with aire. Actually, a comparison of the performance
of the machine with the two fluids cannot confidently be made,
merely on a basis of speed and pressure ratio. There is a
suction pregsure at which the volumetric efficiency is a maximum
for a fixed pressure ratio, (Fig. 30) and a comparison between
the two fluids should be made at either (a) the same suction
pressure or (b) the optimum suetion pressure for each fluid.
However, the atmospheric suction pressure of the air compressor
and the evaporator pressure of the refrigerant compresser-is not
likely fto fulfil either condition so that the predietion of
performance with a vapour from resulis obtained with air cannot

be made.
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(e) Comparison of Valve Weights andvSpring’Stiffnéééil'ﬁifwéwﬁ565£l2w

Fig Noe. 31 shows thé ééﬁparisbn of the two valves uged in the
gir tegts at the valve 1ift 0.035 in. The light valve was less
efficient throughout, except at high compression ratios when the
two were about equal probably due to the blow-by losses being then
a small part of the whole loss.

When pumping Freon 12 the faster closing of the stiffer valve
again appearedito‘offset its greater loss at opening and its
lower effective flow area, since it reaches the stop later and
leaves it earlier‘\. The difference between the two is of the
order of only 1%, about the same order as the accuracy of the
volumetriec effiéieney results. Due to the larger volume of the
thicker valvé, the décrease in c¢learanece volume would result in an
increase of theoretical indicated volumetric efficiency of
1.25% at r = 6.44. A further test series using a valve reed
0.009 in. thick gave results within the two and so no optimum
gspring stiffness was determined. |

When the difference between the pump performance with each
valve is £0 amall, other minor factors assume importance. For.
example, the leakage past the light valve, due to its greater
distortion could account for its apparent slightly inferior
performance, rather than its poorer dynamic properties on closing.
FPurther it is not possible to stamp reeds absolutely flat; the
greatest distortion waS'foundﬂaréund the locating holes in the legs.
Also, by the Talysurf Recorder, it was possible to show considerable
imperfections on valve seats and their edges, although the valve
plates were carefully ground. Therefore, the performance of

apparently identical parts could vary and the impro#ement in one

set of parts during the running in period could be greater than
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the difference sought. The valves used were selected for
flatness and to give the same leakage under the standard vacﬁum
testse.

In & further atitempt to reduce experimental scatter,
aneillary equipment not required to measure volumetric efficiency
was removed from the Freon 12 plant and a new valve plate and
selected valves, at fixed 1ift, 0.035 in., used in a series in
which the evaporator conditions and compressor speed were held
constant and the high side pressure allowed to settle to any value.
The results (Fig. 32) still showed a scatter in excess of that
permissible if definite conclusions were to be made regarding
optimum dynamical properties of the valves. Operating experience
indicated that close control of ambient temperature by air
eonﬁiticning would be necessary to improve on the results obtained.

It is interesting to compare these results with those of
Fuchs, Hoffmann and Plank (5) obtained from a relatively Iarge
six eylinder ammonia compressor (100 m.m. bore x 90 m.m. stroke)
(Fig. 32). The two compressors were widely different in every
way, except in speed and pressure ratio yet the corresponding
voluﬁetrio efficiency curves are identical. This emphaaises the
complexity and intewelation of the partial losses and shows that
little information regarding losses can be conveyed by the usual
criteria of performanee. It also tends to discount a common
surnise that a compressor of small size pumping a dense vapour
hag ipso facto a poor performance. |

(f) Isothermal efficiencys This efficiency is sometimes

expressed in an inverse form as the coupling horse power per cubie

foot of free air delivered per minute, at a given pressure ratio.
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The ratio was graphed for all the tests to a base of valve 1ift,
but since the horsezpowér~an§ the volume flow usually vary in the
same direction trends were not easily detected nor useful
conclusions drawne. Similarly, the coupling horse power per ton of
refrigeration does not change significantly with change in valve
performance or, for the same reason, with changes in fractional
clearancee. The power consumption was consgtant except for an
increase at very low lifts. The optimum efficiency therefore
ocourred about 1000 r.p.m. (Fig. 28 C) thg increased friction work
at the higher .speed being more than offset by the improvement in
volumetric efficiency. In sueh a small compressor, the frietion
h.p. is high. When pumping air, at 1000 r.p.m., pressure ratio

4 , suction valve 1ift 0.035 in;, the mechanical efficiency was
only 57%. Hence small changes in indicated h.p. become very

small changes in coupling h.p.



CHAPTER 6. 43.
AUTOMATIC VALVES FOR WATER PUMPS.

INTRODUCTION AND PURPOSE OF PRESENT WORK.

The automatic valve for a gas pump, in the form”of a
leather clack valve on bellows, has been in use since prehistoric
times. As hag been shown, it has not been studied to any great
extent. The water pump, invented by Hero about 120 B.C. was not
understoed, in principlé, till the 17th century, but since then
it has been studied in great detail. There is a considerable
quentity of technical literature to be perused even if attention
is focused only on water pump valve behaviour. Research on
water pump valves has continued almost uninterrupted since 1842.
Most of the work was carried out in Germany up to the time‘of
Professor Shrenk's work in 1925. Due to the need of industry
during and after the late war for better and higher speed pumping
equipment, research into the behaviour of self-acting valves for
water pumps was revived and undertaken by Committee 6 of the
British Hydromechanic¢s Research Associations

The first object of the present work was to develop a valve
displacement indicator which had no attachments to the valve and
was unaffected by pump. speed. A small water pump was so
indicated and a study made of the velve movement under various
valve and pump operating conditionss

Since previous investigations had been made on large
relatively slow:pumps it is intended to examine the performance
of a small pump and the effect of valve and pump variables on

punp performance.
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CHAPTER 7.

APPARATUS.

(a) Water Pump. The water puwnp used was a single acting ram
punp, ram diameter 1 in. stroke 2 in. connecting rod length to
crank length 5. (PFig. 33). The specifications were: crankshaft
speed 360 r.p.n., maximum délivery pressure 150 1b/in.2., maximum
suction lifﬁ 6 ft., delivery 122 gallons per hour. The pump
is normally fitted with similar single disc type suction and
discharge valves.

The pump was driven by a variable speed D.C. motor through
Vee belts. To obtain optimum control of speed over a wide range,
a 13 step Varioratio gearbox was incorporated in the transmission.

To avoid spilling of water when changing valves or springs,
drains were fitted at the delivery wvalve chest and on the suetion
pipe at pump entrances A valve was also fitted to the suction
alr vessel to0 regulate its air content. To facilitate ‘
observation of this air volume a window was fitted and a small
electric bulb inserted.

(b) Water Pump Circuit. The suction pipe terminated with a

non-return valve at the bottom of a 7 in. diameter suction tank,
12 £ft. below pump level. ‘By means of 6 overflow valves at
2 fte intervalé, the water level in the tank, and hence the pump
suction head, ooul& be varied by intervals. In later tests the
12 f%. long, 3/4 in. diasmeter suction pipe was disconnected and
water then flowed into the pump under a positive 3 in{nheads

To obtain a steady discharge flow from the pump an additional

discharge receiver was fitted which had a volume 2490 times the

piston diaplaeement; In later tests this receiver was dispensed

with, resulting in a more stable behaviour of the pump at high



WATER PUMP AND PLANT LAYOUT. Fig. N9 33
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gpeeds. The discharge flow and pressure were controlled by

a. needle valve regulating the flow into an orifice tank sited
above-the suction tankes The flow was measured by either of two
interchangeable calibrated orifice plates. Various refinements
were introduced to damp oscillations of the water level in the
orifice tank and to minimise air entrainment in both orifice and
suction tanks.

(¢c) Yelve Displacement Recorder. (i) Capacity FPick—up Units.

In the measurement of valve displacement in gas compressors a
capacity type plck-up was satisfactory in spite of the presence
of o0il, which has a higher dielectric constant than either air or
Freon 12. An attempt was made to measure water pump valve
displacement by this techniques The first capacitive unit
consisted of a castellated "Perspex" ring which replaced the valve
chest cover spigote. A "Perspex"™ tube joined to the ring led

out the lead from a brass annular plate, which fastened to the
"Pergpex!" ring above the valve disec, formed the insulated platé
of the element. The whole unit was baked in varnish. The
insulation of this unit was infinite in air, but only 50,000 ohms.
in water. A second capacity unit was therefore made where the
insulating medium was beyond suspicion.

A length of ovel section flint glass was sealed at the ends
and bent into a ringe. Near one end, a glass tube was fused and
the whole filled with mercurye. The results of static and
dynamic tests with this unit showed that the electrical response
due to the motion of the water and the presence of alr bubbles
swamped the response due to the valve movements That this was

likely to heppen may bhe shown as follows:-
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If the total distance between the two condenser plates is
6 mem., made up of 1 m.m. glass and 5 m.m. water, then the
capacitance of the unit is 5.12 unitse. If the distance befween
the plates is now increased to 10 mem., ise. 9 m.m. of water, the
capacitance is now 4+07 units. There is therefore a capacitance
change of 20.5% due to a valve movement of 4 m.me If one air
bubble of diameter 0.5 mime ig introduced into the original
arrangement the cepacitance is now l.45 units, i.es the change
of capacitance due to the bubble is Tl.7% of the original vlaues
In practice the unit was so sensitive t0 the presence of minute
quantities of air that this technique might prove useful in
researches on air entrainment in water.

Since both air and water may be regarded as equally
non-magnetic thege difficulties did not occur with a valve 1lift
measurement wnit working on the inductive principles

(ii) Inductive Pick-up Unit. Fige. 34 shows a section through

the suction valve with the inductive pick-up unit in places The
construction of these coils had to be carefully carried out to
meet the arduous conditions under which they had to operates

The coils were wound with 120 turns of 38 gauge varﬁish
insulated wire on "Tufnol" formers and were the same for both
valves. These coils were then sealeﬁ'by casting in a thermosetting
resin, "Araldite". This material has great mechanical strength
and also considerable adhesive strength which was utilised in
cagting the suection valve coll directly on the wvalve covér spigot.
On the same account release from the moulds was difficult.
"D.C, T Mould Release Wax" was used. "Silicote" was less

successful.
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The delivery valve pick-up coil could not be cast directly
on to the cover and a base was provided with such dimensions that
the game moulds could be‘used in the casting process. In this
case the leads from the coils were taken out through a 5/32 in.
diameter tube and through a glend seal at the top of the air
vessel. \ |

identical balancing ceils were wound for each inductive
bridge, but were not cast in Araldite. At full valve lift
(about 1/4 in.) the pick-up coils were clear of the valve dise
by about 1/32 ine To reduce hydraulic damping effects on the
valve, water vents were drilled above the coilse |

These inductive pick-up coils were used in the pump when
operating with non-magnetiec (Tufnoi) valve discse It was found
that the coils were impervious to valve motion, cyelical pressure,
pressure wave effects, water motion and the presence of air.
There was a slight disturbance of the oscilloscope trace due to
spring motione. The springs were therefore shielded by thin
steel tubes from the elements and this disturbance eliminateds
Test results with and without the coils in the pump showed that
the presence of the pick-up coils did not affect pump performance.
Fig. 55, Appendix IV shows the calibration curves for these
pick-up units.

(d) Inductive Bridge and Demodulator. The inductive bridges in

each channel were identical (Fig. 35) and were readily
interchangeable with the capacitance bridges in the recorder
already described (Chapter 4). The bridge was driven through

a transformer, the secondary coil of which formed part of the

bridge. The phase imbalance of the bridge and the capacitance
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of the lead to the pick-up were compensated for by adjustment
of the air trimmer condensers in parallel with the pick-up coil
and the balancing coil. All four coils were self-regonant at
500 Ke/s. - Since one corner of the bridge could be earthed a
single ended output was obtained, unlike the capacitance bridge
which required a differential amplifier.

Demodulator stages were inserted in each channel, one half
of the éHﬁ double~diode wvalve being used for each. The current
flowing through this valve was half wave D.C. with changing
anmplitude. The smoothing condenser eliminated the R.F. carrier,
and since the voltage across the series resistance was proportional
to the current through the valve, a varying D.C. voltage output
was obtained. The line traces for each valve thus obtained
could overlap on the screen without causing ambiguity. The
demodulator stage could he readily by-passed. This feature was
ugeful since initial balancing of the bridges was more easily
carried out by studying the R.F. carrier.

(e) vValves and Valve Springs. During the first test series,

primarily concerned with valve movement, brass valve discs were
used with two stiffnesses of spring. The weight of the valves
in water Wy were:-

Suction Valve +0845 1b. Digcharge Valve 0.0866 1bs

The stiffness of the springs, k, were:-—
Tight Suction Valve Spring 0¢587 1lb/ine.
" Discharge ' " 0+465 1b/in.
Stiff Suction " " 3.32 1lb/in.
o Discharge " t 3.4 1b/in.

In the second test series to study valve 1lift, and the effect
of valve variables on pump performance, 6 valves of various

stiffness were used. Details of these are tabulated in (Fig.36).
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CHAPTER 8.
WATER PUMP VALVE MOVEMENT.

Rectified oscillograms of the movement of both suction and
discharge valves were obtained simultaneously at pump speeds
270, 350 and 430 r.pemes with no valve springs, light springs and
8tiff springs at delivery pressures of 0, 75 and 150 lb/in.2 at
suction heads of 0, 6 and 12 ft. TFrom these the general
behaviour of the valves was studied and the lag at opening and
cloging of both valves was measured.

8. 1  General Description of Valve Movement.

Fige 37 explains & typical oscillogram and shows the small
effect of the non-linearity of the ealibration curves.
Superimposed is a displaced sine wave which is a good approximation
of the movement under these particular conditionse.

The suction valve always opened after piston reversal. The
initial opening of the valve was relatively slow, but the
velocity increased rapidly and, sometimes with a few oscillations,
the maximum lift was reached close to mid-~strokes The velocity
when closing was steady and on approaching the seat was nearly
always lower than the velocity when leaving the seat. The valve
always closed after piston reversal and came to rest without
unduly rapid deceleratione

The relatively slow opening was probably due to the air
dissolved in the water and to leakagee. After the discharge
valve hag closed the piston has to move a distance until the
pressure drop is sufficient to accelerate both the valve and the
suction column. Hence both inertia and elasticity effects will

slow the initial suction valve openinge Since the subsequent

acceleration was relatively great, equilibrium conditions with
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valve load and water flow could be reached before maximum piston
speed. The velocity of approach to the geat was relatively low
gince the descending speed was mainly regulated by the decreasing
water flow.

The discharge valve often cpened before the suction valve
had come to rest and always after piston reversal. Thig valve
oﬁene& suddenly and reached its maximum 1lift about 25° after
the crankangle position for maximum piston velocity. Again the
veloeity on c¢closing was more rapid than on openinge When spring
loaded the valve closed with a relatively sméll lage. Retardation
of this valve before reaching its seat was small and it closed
with a high velocitye.

The sudden opening of the discharge valve was due to the
impacet of the water‘fofoed by the piston into the space beneath
the valve which is normally filled with air and water vapour.
This sudden initial opening resulted on occasion in the valve
vibratinge. The inertia of the increasing water flow would
cause the continued rise of the valve after maximum piston
velocity had been reached. Since the water flow rate decreased
after maximum piston velocity the descent was more rapid than
the rise.

8. 2 Valve | Lag.

The valve lags were found to be virtually independent of
discharge pressure. The lags at 0, 75 and 150 lb/ﬁ;n.2 discharge
pressure were therefore averaged and potted againgt pump speed
for suction and discharge valves, with light and stiff springs.

Generally, the lag increased with pump speed and decreased with

inereased valve loading, but there was considerable scatter due
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to both experimental error and irregular valve behaviour,
With the light spring the effect of speed on lag was more
pronounced. Suction head had relatively small effect on lag
at valve closure. The time between discharge vélve closure and
suction valve opening increased with suction head and with spring
stiffnesss The time between'discharge valve opening and suction
valve closure increased with pump speed. The opening lag of one
valve depended on the closing lag of the other.

The reagon for the greater effect of speed on lag with the
light spring was probably that inertia effects represented a
larger fraction of the force opposing the valve and the valve
therefore did not travel in accordance with the water flow through
the va%we,to the same degree as with the valve with stiff spring.
If vai%e loading or suction head was large, a greater vacuum
would be required in the cylinder for the opening of the suction
valve. This required a greater piston disgplacement after discharge
valve closure, hence the increased opening lag of the suction
valves !

The discharge valve often opened before the suction valve
had come to rest. This may have been due to the inertia effect
of the water in the suction column and in the cylinder lifting
the discharge valve by impacte. As would be expected this effect
increased with pump speed.

The suction valve lag at B.D.C. with stiff spring and
12 ft. suction head, appeared to be greater at 270 r.p.m. than
at 350 r.p.m. perhaps due to irregularity in suction val ve

closure. According to the oscillogram the valve approached the

seat in the normal way at 270 r.p.m. but was delayed a short
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distance from the sgeat for some reason. Consistently the
opening lag of the discharge valve was somewhat increased.

8. 3 Irregular Valve Movement.

Under certain pump conditions quite abnormal valve travel
diagrams were obtained.

Fig. 38a shows the effect of air in the suction pipe. The
valves eloéed in the normal way but opening was delayed due to
the elasticity of the air in the pump cylinder. This: caused
considerable oscillation of the suetion valve. The resulting
severe impact on the discharge valve was clearly shown.

Fig. 38b shows the valve movement under seVere—knoeking at
430 r.p.m., 80 lb/&‘.n'.2 delivery pressure and 12 ft. suction head
with no valve springs. The discharge valve struck the stop and
rebounded. The closure was late and at high velocity, causing
rebound from the valve seat. A remarkable feature of this
diasgram was that the discharge valve left its seat during the
suction stroke - against a delivery head of 80 1b/in.2. This
may have been due to an instantaneous vacuum over the discharge
valve due to pressure waves in the delivery pipe.

Fig. 38c shows the development of an abnormal valve
movement under unstable conditions, aggravated by the abéence
of valvé springs. The discharge valve descended in the normal
WaY « In subsequent cycles the valve left the stop and started
to descend but probably due to resonance effeets, showed a
tendency to rise again. This tendency increased and after four
punp revolutions the valve, after leaving the stop, rose again

and finally closed late on the guction stroke. Due to late

closure the suction valve opening was very small and approximately
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symetrical about B.D.C. No water was delivered until pump
conditions were changeds a variation of discharge pressure,
within limits, was not sufficient to restore normal operation.
During delivery, water was flowing rapidly into the air vessel.
As piston displacement decreased, the inertia effect may have
created a low pressure in the valve chest which cauged flow
reversal in the delivery pipe. As the delivery passage was in
the plane of the discharge valve disc the inertia effect of the
water jet impinging partly under the disc may have kept it opens
When the piston decelerated on the suction stroke, the pressure
in the valve chest would build up again and the valve consequently .

descend.
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CHAPTER 9.
WATER PUMP AND VALVE PERFORMANCE.

9. 1L Range of Tests;

During the study of the valve displacement diagrams flow
guantities were noted and the volumetric efficiency of +the pump
computed. Maximum valve lifts were noted and compared with the
theoretical valuese Observations were made of valve noise.
These results are not recorded here but from the operating
experience gained the following systematic test programme was
carried out. Experiment 1 consisted of 108 tests to investigate
pump performance using three types of paired valves and two
stiffness of springs at suction and discharge, at three speeds
(325, 400 and 495 r.p.m:), three discharge pregsures
(0, 25 and 50 1b/in.2) with the suction air vessel initially
(a) full and (b) emptys Experiment II consisted of 12 tests in
which dissimilar valves and springs were used 6n the suction and
discharge side. Suction conditions were not varied and water
was flowing into the pump under a positive 3 in. head in all tests.

9. 2 Experimental and Calculated Resultse.

From the observed results of flow quantity, maximum valve
1ift and valve ﬁoise intensity, the quantities; x, the ratio of
the radial flow area at perimeter of valve disc to the valve
throat area excluding the central spigot and ribs; c'B and c¢'y,
the valve discharge coefficient based on valve disc area and
throat area respectively, were calculated for the suction valve
in all cases. The noise 1imit,)\, was evaluated for both valves,

and the volumetric efficiency computed, for all cases.

9« 3 Volumetrie Efficiency.

In almost every test with zero discharge pressure the
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volumetric efficiency exceeded unity, sometimes by a considerable
amounts. The abscissae of the pointe in equal speed bands in
Fig. 39, 40, 41, are directly proportional to the volumetric
efficiency.

‘At a nominal zero delivery pressure, the pressure gradient
across the valves was probably insufficient to ensure steady
motion. While the valve travel diagrams did not show the valves
leaving their seats due to wave action, except in the case with
no springs already discussed, it must be deduced that there was
a leakage past the valves to obtain values of volumetric efficiency
greater than inity. The pressure wave effect causing this must
have been small, since the valve lags were almost independent of
delivery pressures. However, as the suction gide had a small
pogitive head of 3 in. of water, little wave action would be
required to cause leakage. Such high values of volumetric
efficienecy were not obtained in the early tests when using large
suction heads.

At higher speeds, when shock effects were increased, and
there was greater shance of separation in the suction column,
greater irregularity in volumetrie efficienc& was observed.
Changes of spring lcading and valve mass appeared to have 1ittle
effect on the drregularity of volumetric efficieney probably
because these factors are negligible compared to the effect of
shock action shown 6n the travel diagrams at discharge valve
openinge

Aﬁ‘higher delivery pressures the volumetric efficiency

reverted to the expected valuese Due to improved suction

conditions the volumetric efficiency was higher with the suction
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air vesgsel empty than with it full of wabter.

The volumetric efficiency was virtually independent of
pump sPeed, probably because even the highest speed used did not
greatly affect suction conditiohs.

There was little difference between the wvolumetric efficiency
when using the brass valve (B) and the large duralium valve (D).
The values obtained with the small duralium valve (d) consistently
exceeded those of the other twoe. The volumetric efficiency
using the last was hardly affected by suction vessel conditions
or delivery pressure. It wae considered that this was due to
its steady lift characteristic which is discussed later.

The valve movement at zero delivery pressure, which resulted
in very high volumetric efficiencies was not associated with
extemgsive valve noises The lower volumetric efficiencies at
high delivery pressures, particularly at high speeds, were always
agssociated with noise. As noise also occurred in the case of
the efficient valve (d) at high speeds and high delivery pressures,
noise could not be taken ags a certain sign of low volumetric
efficiencys

9 4 Meximum Suction Valve Lift.

’ The maximum 1ift of the suction valve is shown against
delivery rate in Fig. 39, 40, 41 The vertical height of the
equal speed bands showed the effeet of delivery pressure and
suction valve conditions on the valve 1lift. As the volumetric
efficiency Was so little affected by speed changes, the graphs
may be regarded also as plots of valve 1lift against speed, for

uniform delivery pressure and suction vessel conditions.
The meximum lift was almost directly proportional to the

discharged volume and to the speed, other factors being equals




Particularly for the valve (B), somewhat lower maximum 1lifts
were obtained when the suetion air vessel was empty, than when
fulle This phenoma, which was hardly noticeable with valves (D)
amd (d) was more pronounced with the light springe It has been
seen that the suction wvalve may oscillate duriﬁg opening due %o
shock from combined inertia and lag effects. These oscillations
may be considered as superimposed on the normal wave path and
they die out as 1lift increases. Since shock action was less
severe with the suection air vessel empty, the resulting
oscillations would be less and so also the observed maximum 1ift
attained.‘ Hence the difference in maximum valve 1ift for the
two suction air vessel conditions was numerically larger for the
lighter springe.

Valve (D) had a larger volume than valve (B) and had about
half its mass, but about the same total valve loading when ‘
closed. The increaged damping action of the water on the
larger volume probably eliminated the oseillation prior to
maximum 1ift and hence no difference in maximum valve 1lift due
to suction air vessel conditions was observed.

Since the valve loading of valve (d) when closed was less
than half that for the other two valves, this valve could open
with less lage. The better timing, which probably accounted
for the good volumetric efficiency obtained, would tend to
reduce shock action at opening. The mass of valve (d) which
was only 1/4 of the valve (B) assisted in the rapid damping of
any small oscillations. Hence the argument advanced for
valve (D) holds to an even greater extent for valve (d)e«

At 400 r.psme, when using a light spring and zero delivery
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pressure, there was an exceptional case where the valve lift with
the suction air vessel full of water exceeded the 1lift when empty,
by about 0.027 in. for all three valves. This difference was
thought to be due to resonance effects in the suction iine at
this speed, which was a critical speed also as regards valve
noisee.

The maximum valve 1lift was affected in an irregular manner
by the del ivery pressure. It was most obvious in the case of
the brass valve (B), much less for valve (D) and least for
valve (d)¢ The variation may be neglected in the latter two
cagses, except at 400 r.p.ms as mentioned. The variation did not
exceed 15% for valve (D) and 8% for valve (d) between delivery
preesuresfof 0 to 50 Ib/&'.n,.2 ahd speed range 325 to 495 r.peme

The values of maximum valve 1lift were virtually independent
of valve mass. Without appreciable deterioration in performance,
the maximum lifts for the valve (D), with the large sealing
surface, were slightly lowers. The neglect of the valve mass
effect is therefore, compatible with the accuracy expected from
degign formulae.

"9+ 5 The Formulae for Maximum Lift.

From the experimental results obtained the vealidity of the
formula for maximum valve 1ift due to Krauss' modified form of
Bergts expression was assessed.

The formula is,

pax = Qv

e'kl, J Ww_+ fmax_ .o
Q, ¢
The formulae for valve discharge coefficients are due to

Lindner, ety = 1
1 + 5x
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and due to Linton

or, = J.246x = .05 for 0.4 <x<l.l
X

where x = _Lihmex
a

By transposing the formula of Krauss and usging the
expression x, values of e£ was plotted against x (Fig. 42)
together with ILindner's and Linton's functions, to find if: the
latter were reagsonable approximations. The test results were
then replotted for each valve, indicating the speeds, the spring
used and the suction vessel conditions CFig; 43,44,45). The
values were only about EO%Uof the calculated values for c; 80
that the formulae gave liftg almost twice those actually obtaineds

gince x is direectly proportional to hmax, and cﬁ is also
a function of hyg, there was & relationship between the valve
1ifte and the distribution of the points in Fig. 43, 44, 45.
The lower 1lift values for valve (D) and the relatively small
difference between those pertaining to valves (B) and (d) were
apparent. - The distinction between values with light and
heavy springs, as well as the exceptional values, at 400 r.peme.
zero del ivery pressure, suction vessel full, were clearly showne.
The plotted points were reasonably colinear; there was a
gimilarity in the distribution of points for the identicaliy
shaped valves (B) and (d)¢ The high values of el with valve
(D), which had an excessively large outside diameter, may have
been.due to the same effects observed by Kahrs with his second

diffuser valves

Values of the valve discharge coefficient cé, based on

Berg's formula, which refers the maximum 1ift to the disec
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dimensions were about 25% higher than the ¢! values, indicating

the arbitary numerical magnitude of the ooefficient cr. To
account for the difference between the results obtained and those
calculated by previous formulae the earlier experimental work
must be examineds Only Berg tested disc valves which had geometric
proportions similar to the present valvess These were the valves
I and II, shown in Fig. 125 and 126 of reference 64, which had
disc diasmeters 80 m.m. and 100 m.m. Their cf to x curves have
been reprdduce& together with Lindnerts approximation in Fig. 44.
From this it may be seen that e increased noticeably as the
diameter of the disc decrease&; The geometrical difference
between Berg's valves and valve (B) did not permit extrapolation.
However, the trend was towards agreement between the present
results and Berg's findings, recalling that Lindner and Linton
both based their formulae on valves 3% in. and 5 in. diameter.
Due to the lack of experimental data the effect of disc diameter
on the cﬁ t0 x relationship has not been previously observed.

x is a complex gquantity and it is not obvious why it should vary
with disc diameter. Further investigation of this phenomena is
required to explain it and to assess its importance on valve
design.

9., 6 Valve Noisee.

It was found that in general, higher speeds and delivery
pressures resulted in increased valve hoise. It was also
confirmed that higher spring loadings resulted in a decrease in
noise provided that the spring force on the suction valve was
not excessive.

Valve (D) was the guietest, probably because its 1ift was

least. The adverse effect on its large seat area on lag




vie
appeared to be more than offset by its buffer effect and small
masss

In an attempt to establish the existence of a noise limit
Fig. 46 was constructed. This noise limit was denoted by
Berg's coefficient A = gxgkand was calculated for all the tests.
The noise intensity observed is indicated at this value of \
The vertical heights of the columns have no significance. It may
be seen that high valve noise values were definitely associated
with low values of A , while low noise values tended to be
associated with higher values of A+ No high value of valve
noise (intensity 2 or 3) occurred at values of A greater than 0.43
. for the suetion valve or 0;35 for the discharge valve; the
highest noise rating (3) did not occur beyond X\ = 0.4 and
A= 0.2T respectively. The difference between the two values
may be due to the resonant conditions in the suction line and
suction tanks Depending on whether the noise "2" or "3" is to
be regarded as excessgsive noise, the mean values of)~gre about
Oe4 for noise intensity "2'" and 0.33 for the greater intensity
w3,  Berg's value of 0.37 for his disc valve (80 m.m.) is
therefore in good agreement. It must be noted, however, that a
nunber of cases of quiet operation of the valves occurred at
values of \ considerably below these figures.

Theréewas no distines noise‘limit, if this term implies
the sudden appearance of valve noige at a cértain value'of-x .
However, a value ofﬁ\was obtained, which if exceeded guaranteed
a noise level below that regarded as the noise limit. On the
other hand, if a-lower value of‘x\ was permitted, the valve wag

not always unduly noisy, provided that the delivery pressure was
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not high, the suction conditions reasonable, and the valve shape
and mass suitable. The rigorous application of a limiting

value of;\may therefore lead to unnecessarily high spring loads
with corresponding hydraulic losses.

9. T Tests with Dissimilar Valves.

A series of tests was conducted to examine the influence of
one valve on the other and to find whether performance could be
improved by odd pairing of the valves and springs. Each test
was compared with the two corresponding systematic tests in which
identical valves and springs had been used at suction and discharge.

The maximum 1lift of the suction valve and its noise was
hardly influenced by the introduction of a dissimilar discharge
valve. The direction of any small change in 1lift depended on
whether the discharge valve rose higher or lower than the suction
valve when similar valves were used.

The discharge rate wag about the arithmetic mean of the
rates obtained during the corresponding tests with paired valves.
There were two exceptions to.this general trend. In one case
the discharge rate was less than that of the corresponding test
with paired valves and springs and one case it was more. These
effects were undoubtedly due to the timing of the valves which
was governed by ftheir shape and spring loading. The valve noise
wag greater with the arrangement which gave the lower discharge
rate. When the valvesgs were interchanged and the increased
discharge obtained, the noise was not greater than in the
corresponding tests with paired valvess

It would appear that improvements can on occasion be made by
degigning valves in dissimilar sefs, but further experimental

data is requirede.
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CHAPTER 10.

CONCLUSIONS.

10. 1 Automatic Valves for Gas Compressorse.

L. The mathematical analysis of fhe valve movement and the
pressure drop across the valve during the cycle were expressed
by equations which did not have exaect solutions. Due to the
gimplification of the equabions a step-by-step integration
could be carried out without resort to the graphical methods of
Costagliolas

2é The cantilever reed type valve examined 4id not vibrate
freely under static flow cohﬂiﬁions, but in actual operation
valve flutter occurred. If the permitted wvalve 1lift was
reduced, flutter could bve avoided, bul at the expense of
increased valve throttling loss. When valve flutter occurred
the labour involved in the selution of the equations was greatly
increaseds.

3. The maximum pressure drop across the suction valve always
occurred before the valve reached the stop, if permitted valve
 1ift was adequate to avoid excessive throttling loss. Hence
the valve displacement and the maximum initial valve pressure
drop during opening were independent of permitted valve 1lift but
were functions of spring stiffness and compressor speed. The
pressure difference across the valve was rapidly reducing asg the
valve approached its stop. The final pressure difference across
a valve as it reached the stop was an inverse function of the
permitted 1lift while the spring force was directly proportional
to the permitted 1lift. Hence the amplitude of the initiated

flutter increased with increased permitted lift; The decreased
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effect of the damping oil on the valve stop, ag permitted lift
incpeased, magnified this result when observed experimentally.
4. A portable two-channel valve displacement recorder was
developed which did not require attachments to the valve and did
not affect compresgsor clearance volume.

De A differential pressure capacity type pick-up element was
developed to measure the pressure drop across the valve in a
high speed compressor. The loss of volumetric efficiency due to
suction valve throttling was computed and found to be only about
5% of the difference to be accounted for between the theoretical
iﬁdicated and actual volumetric efficiency.

6o The volumetric efficiency of the compressor tested was found
to be virtually constant over a wide range of permitted suction
valve 1lift. Logs of volumetric efficiency due to excessive
valve throttling did not occur until the mean gas velocities
through the valve exceeded 230 ft/sec. for air and 130 ft/sec.
for Freon 1l2.

Te The effect on actual volumetric efficiency of a wide range
of suction valve spring stiffness was too small to be measured.
8e The difference between the theoretical indicated and
actual volumetric efficiency could be as much as 30%. . The
present work together with recent measurements from the same
compressor indicated that less than half this loss was made up
of the sum of suction valve throttling, gas leakage past the
piston and heat transfer effects (with superheated vapour).

Most of the loss was considered to be due to the effect of the
discharge valve and to blow-by during suction valve closure.

The loss at the discharge valve was considered to be caused by

O
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the high spring loading permitted there on account of the
common, but erroneous, assumption that volumetric efficiency
is little affected by this valve. The excegsive suction valve
blow~by at low compressor speeds wag caugsed by undue consideration
in design to the dynamics of the valve at opening, which were |
not important.
Oe The estimation of compressor performance with a refrigerant
from tests using air was considered to be fundamentally unsound.
10. A ported compressor of the same dimensions was inferior
in all material aspects of performance to the valved machine.
(Appendix II).
1l. Failure of the valve reed due to fatigue was unlikely.
High stresses were due to impact, the theoretical values probably
being much greater than those actually occurring. Collapse
of the valve reed into the port under pressure loading was
considered to be the most likely cause of failure in the compressor
examined. (Appendix V).

10. 2 Automatic Valves for Water Pumps.

1e Although much valuable work has been cerried out, mainly
in Germany, to study the water pump valve and its effeet on
performance, virtually no work has been carried out during the
last 30 years - a period in which fump speeds have greatly
increased and information on valve behaviour more than ever
requirede.

2; Due to these higher pump speeds older methods of valve
indication are obsolete. The attempt to develop a valve

movement indicator on the capacity principle was not succegsful.

An indicator working on the induetive principle was successfully
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developed and both valves of a small ram pump were indicated
simultaneously during a wide range of operating conditions.

Tegts indicated that the pressence of a carefully designed pick-up
coil near the valve did not affect pump performance.

3. Under certain reasonable operating conditions the valve
displacement diagram conformed closely to a displaced sine waves
Urider other conditions the valve movement was far removed from
this-Wavepath. At certain critical conditions, a great change
in the valve displacement curves occurred in a very few pump
revolutions« Under certain conditions alsd, it was possible

to have the discharge valve lifting during the suction stroke.
The presence of excessive air in the suction line resulted in
violent oscillation of the suction valve.

4 The valve lifts calculated by the formula due to Berg and
Krauss were almost 100% in excess of those actually obtained.

5e A range of valve ﬁeights of ratio L to 5 showed that the
velve 1lift was virtually independent of valve mass but not of
valve shape.

6. The form of the curves of valve discharge coefficient
plotted to x was similar to that of Berg, but revealed a size
effect not previously observed since all previous researches have
been carried out on much larger pumps and valves.

Te Close agreement was obtained with the later wvalues published
by Berg for the noise limit A« The only reservation was that
gsome cagses of quiet valve operétibn were obtained at values of A
beyond the limite

8« Only on one occasion in twelve tests did the dissimilar
pairing of valves and springs result in pump performance superior

to that when using paired valved and springs.e .
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