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INTRODUCTION
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the cylinder pressure exerted
order to evaluate the cylinder
it is necessary to give the cha
age effects from the piston clearance and dynami.c
properties of a discharge reed valve. However, it is
not always easy to theoretically evaluate them.
Hence, when a steady state of operation of compres—
sors is studied, a measured steady indicator diagram
is given as the cylinder Pressure to avoid the above
problem. But, when the transient behavior of the
Piston-crank mechanism is studied to analyze tran-
sient vibrations of compressoxs arising after a
source of electric power for them has been cut off,
it is not sufficient even if a measured steady indi-
cator diagram is given: when a source of electric
power for compressors under a steady operation is
cut off suddenly, the crank shaft starts to rotate
in the opposite direction after a few revolutions.
Indicator diagrams which are built up before this
opposite revolution of the crank shaft change in
similar figures as a steady one. Hence, these indi-
cator diagrams can be given on the basis of a steady
one if the similarity law is Previously obtained in
experiments. But Indicator diagrams which are built
up during opposite revolutions of the cramk shaft
come to be quite different from a steady one since
the discharge reed valve does not act and hence the
refrigerant in the cylinder is not discharged.

The indicator diagrams built up during opposite rev-
olutions of the crank shaft which are quite differ-
ent from a steady one are considered in this study:
it is firstly shown in experiments that the main
factor on which the indicator diagrams depend isg
leakage effects from the piston clearance, and it is
secondly shown that the indicator diagrams are theo-
retically derived with due regard to the leakage ef-
fects but the piston of a compressor chosen as the
subject of the study is of a type without a piston
ring. What is theoretically derived is a first
order and nonlinear differential equation which de-
termines the indicator diagrams. When the equation
is solved actually, a question arises as to how to
determine unknown quantities such as the specific
heat ratio, the kinetic viscosity and the piston
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clearance. Then a method which enables it to diter-
mine these quantities on the basis of experimental
results is shownm. Theoretically derived results
have a good agreement with experimental ones, and
hence it is concluded that an approach shown in this
study is of great utility to reveal the leakage ef-
fects from the piston clearance on the indicator
diagrams built up during opposite revolutions of the
crank shaft.

EXPERIMENTAL RESULTS SHOWING LEAKAGE EFFECTS

When the indicator diagrams built up after a source
of electric power for compressors was cut off, are
measured, leakage effects from the piston clearance
are distinctly found. Measured indicator diagrams
are shown In this section and leakage effects from
the piston clearance are estimated on the basis of
the data.
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Fig.l General view of a compressor

The construction of a sin
compressor chosen as the
shown in Fig.l. The specifications and the dimen-
sions of the compressor are shown in Tab.,1. The
vertical crank shaft ig secured at its upper portion
to the motor rotor. The whole compressor is sealed
completely in the housing. When the compressor is
operated steadily, the pressure inside the housing
is 0.39x10° Pa. The circulating refrigerant R22

gle cylinder reciprocating
subject of the study is



Tab.l Specifications and dimensions of compressor

Motor power 1100 w
Average rotational frequency 3420 r/min.
Size of compressor 275%203%122 mm
Piston diameter 38.8 mm
Axial length of piston 36.4 mm
Length of crank arm 10.6 mm
Length of comnnecting rod 42.7 T

sucked in the housing through the suctlon pipe is
drawn into the cylinder via the suction muffler, the
suction chamber in the cylinder head and the suction
opening formed in the valve plate. The refrigerant
of low pressure thus introduced into the cylinder is
compressed and is discharged outside via the dis-
charge opening, the discharge chamber, the discharge
muffler and the discharge conduit. The valve plate
is provided, at its suction and discharge openings,
with reed suction and discharge valves respectively
which open and close in response to the pressure of
the refrigerant. The piston diameter is 38.8 mm,
the axial length of the piston without a piston ring
36.4 mm and the top clearance 0.5 mm. The piston
clearance is designed to the size of about from 16 um
to 20 um.

The cylinder pressure was measured by a device shown
in Fig.2: a pressure hole with a bore of 1 mm which
leads to inside the cylinder is made in the valve
plate. A short capillary tube of copper is attached
to the end of the pressure hole and the cylinder
pressure is led to a pressure pick-up (TOYODA PMS-5-
50H) attached to the end of the capillary tube. The
length of the pressure hole between the cylinder and
the pick-up is about 28 mm. The angle of rotation
of the crank shaft is measured by a device in which
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emall stick magnets are fixed on the upper side of
the motor rotor and its magnetism is detected by the
tape head of a tape-recorder.

When a source of electric power for the compressor
is cut off suddenly, the kinetic energy of the sys-
tem of Totation comes to be zero after a few revo-
Jutions and the crank shaft starts to rotate in the
opposite direction. This opposite revolution fol-
lows these two patterns: the first is the case where
the crank shaft stops suddenly, almost at the same
time with the opposite revolution. The second is
the case where the crank shaft stops gradually after
repeating a few opposite revolutions.

A measured indicator diagram in the first pattern is
shown in Fig.3(a). The upper is the cylinder pres-
gure. The lower shows the rotation of the crank
shaft and the pulse interval corresponds to the ro-
tation of 10 degrees. The abscissa shows the
elapsed time after the sudden stop of the crank

shaft. The piston suddenly stops at about 20 de-
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Fig.3 Measured indicator dlagrams at stopping of the compressor
(2): an indicator diagram which is built up after the sudden stop of the piston
(b): an indicator diagram which is built up during opposite revolutions of the crank shaft
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d =piston diameter Po=P,/Px

G =weight of refrigerant in cylinder Px=initial cylinder pressure
Pix=initial cylinder gas force
Rg=Relnolds number

Gx=initlal weight of refrigerant
lp=axial length of piston
~=ratio of 7, and d

M§=Mach numbeT

n =polytropic index

P =cylinder pressure

P“=P/Ps

P,=pressure in houging

t =elapsed time

€p=piston veloel

V=V /Vy

t“=dimensionless time
7T =mean velocity of leakage flow

ty

=cylinder volume

284

Vs=initial cylinder volume

Y =specific weight

§ =piston clearance

“=6/d

=angle of rotation of crank shaft
=gpeed of revolution of cramk shaft
=viscosity

=kinetic viscosity

=gpecific weight

T < T DD O



grees before the upper dead point. Hence the cyl-
inder pressure is very high and shows 1.90x10° Pa at
that instant. Such ahigh pressure drops to 0.39x10°
Pa which ig the pressure inside the housing, just
after 40 ms. This rapid pressure drop must be
caused only by the leakage effects from the piston
clearance. Hence it is known from this datum that
the leakage effects on the indicator diagrams are
unexpectedly large. A measured indicator diagram in
the second pattern is shown in Fig.3(b). The angle
of rotation of the cramk shaft at the instant of the
first opposite revolution is about 70 degrees hefore
the upper dead point and the plston stops after re-
reating two opposite revolutions. The refrigerant
is sucked into the cylinder but is not discharged
during the opposite revolutions. Though this indi-
cator diagram does not directly show the leakage ef~
fects from the piston clearance since the volume
inside the cylinder changes, it is expected that
such unexpectedly large leakage as shown in the
first pattern has a greater or lesser effect upon
this indicator diagram. When transient vibrations
at the stopping of reclprocating compressors are
studied, such a case where the crank shaft repeats
the opposite revolutions becomes a serious problem.
Hence a method which enables one to correctly evalu-—
ate the indicator diagrams in such a case should
definitely be established.

A EQUATION DETERMINING INDICATOR DIAGRAMS

As mentioned in the previous section, the leakage
from the piston clearance has a considerably large
effect upon the indicator diagrams. In this section
the leakage effect is theoretically evaluated on the
basis of a simple consideration, and an equation
which determines the indicator diagrams, depending
on the leakage effect, is derived.

¢
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Fig.4 Piston-crank mechanism of COmMPressor

Leakage Flow

The horizontal plane on which the piston-crank me-
chanism moves 1s represented by the x,y-coordinate
system with the x-axis taken in the piston axis and
the y-axis perpendicularly to the x-axis through the
crank shaft, as shown in Fig.4. It is generally
said in reciprocating compressors of a type without
a piston ring that the clearance between the piston
and the cylinder wall is very small and the axial
length of the piston is very large compared with the
clearance. Hence the veldeity of the leakage flow
is considered not to exceed that of sound. Then. it
is assumed that the leakage flow is incompressible.
Moreover it is assumed that the piston is situated
at the center of the cylinder and the leakage flow
from the gap around the piston is steady and uniform
in the direction of the piston. Since the clearance
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§ is very small compared with the piston diameter d,
it is possible to replace the leakage flow around
the piston by a flow between two parallel plates
with the distance of §, the width of m/4+d and the
length Zp.

The mean velocity v(t) of the leakage flow derived
on the basis of the above treatment is given by the
form:

[T

- 2
v(t) = ii%i;'{P(t)*Po} -

Vp (1)
in which v,(t) is the piston velocity which is de-
fined as positive when the piston moves in the di-
tection of the x-axis. The welght of the refriger-
ant in the cylinder decreases due to this leakage
flow. When the time t has elapsed, the weight of
the refrigerant G(t) is given by the following form:

t . —
—c - 2
G(t)=6, ﬂdéyfo{v+up(t)}dt (2)
hence,

T £, &2
G(t)=G*--f5d6gf0[;z;{P(t)-Po}+6DUp(t)]dt(3)
in which Gx is the weight of th; refrigerant at the
initial time (t=0) and the kinetic viscosity v is

assumed to be constant.

A First Nonlinear Differential Equation for
the Cylinder Pressure

It 1s assumed that the state of the refrigerant in

the cylinder is subjected to the polytropic change.
Accordingly, the cylinder pressure P(t) is given by
the form:

Yx G(t)yn
Gx V(t)

B(r) =7, { @)

in which n is an arbitrary constant which may be
called the polytropic index. On substitution of (3)

into (4), a equation determining the cylinder pres—
sure is obtained as follows:

P(t)Vn(t)zP*(g—::-)n [e,

t, &2 n
—f0{53;{P(t)—Po)+6pvp(t)}dt] (5)

Transforming the above integral equation into a dif-

ferential form, a first nonlinear differential equa-

tion for the cylinder pressure P(t) is obtained:
dP(r) . _m  dv(t)

dt v(t) dt P ()
1
n
m Px Vi §?
+ 750 gdé E;'VT?T[GTE{P(t)_P°}

n-1
+6pvp () 1{P()} ™ = 0 (6
The following dimensionless variables are introduced:
p-=_P P -_V

P*;PD P*’V=




where,

z
P )__6___ =lT_ 2
=g » =g Pax =g &P (8)

in which P is the initial pressure ratio of the
pressure P, in the housing and the initial pressure
Py in the cylinder, My the Mach number of the piston
velocity and Re the Reynolds number based om the
velocity of sound «/p, the piston clearance 8§ and
the kinetic viscosity v. Then the equation (6) is
transformed into the following dimensionless form:

dP (") n dv(E) g - -
dt” *ty () dt”~ P)
n-1
oM T
NP s T 8 S 40 B S
+ 3[{P (t)_P0}+66’ Re] V’(f) 0
¢

Hence the cylinder pressure is obtained from the
above equation, provided that the cylinder volume is
given.

THEORETTICAL SOLUTIONS OF INDICATOR DIAGRAMS AND
ITS VERIFICATION

The value of the polytropic index should be given in
order to actually derive solutions from the dimen-
sionless equation derived in the previous section,
and the values of the piston clearance and the kine-
tic viscosity should be given in order to compare
theoretical results with experimental omes. It is
shown in this section that these quantities are
actually determined on the basis of two kinds of
experimental results and theoretical results have a
good agreement with experimental omes.

An Indicator Diagram Built up after A Sudden Stop of

the Piston Motion

Since the piston-crank mechanism suddenly stops
almost at the same time of the first opposite revo-
lution in the case of the measured indicator diagram
shown in Fig.3(a), the treatment for the equation
(9) becomes simple-as follows: since the cylinder
volume is constant, that is, V' (t")=1 and the piston
velocity is zero, that is, My=0, (9) results in the
following simple form:

n~1

dEXED 4 Bipe(e)-pg}e (R} = 0

de~ (10)
The charcteristics of the pressure drop in the cyl-
inder due only to the leakage is obtained from the
above equation, provided that the polytrople index n
is given. The solutions of the above equation for
n=1.23 are shown in Fig.5 in which the time t=0 cor-
responds to the instant of the sudden stop of the
piston motion and the parameter is the initial pres-
sure ratio P; at that time. Since there exlst no
standards to determine exactly the polytropic index,
the value 1.23 of the specific ratio of the super-
heated refrigerant corresponding to the mean state
of the suction and the discharge in which the pres-
sure is 1.27x10° Pa and the temparature is 100 OC is
approximateky used for n in this part. However, the
polytropic index has not such a large effect upon
the characteristics of the pressure drop only due to
the leakage: since the specific heat ratio of the
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superheated refrigerant varies about from 1.2 to 1.3
when the refrigerant is compressed from the suction
to the discharge, the characteristics of the pres-
sure drop for n=1.2 and 1.3 are shown in Fig.6 in
which P,=0.2. '

The initial pressure Py of the measured indicator
diagram shown in Fig.3(a) is 1.90x10° Pa. Since the
pressure in the housing P, is 0.39x10° Pa, the ini-
tial pressure ratio P; is 0.205. The theoretical
solution for this initial pressure ratio is shown by
the solid line in Fig.7. In order to compare the
experimental results shown in Fig.3(a) with the theo-
retical solution, it should be transformed into a
dimensionless form according to (7). The pilston
dismeter d, the ratio l; of the axial length of the
piston and its diameter, the initial gas force Pysx
and the initial gas weight Gx among the quantities
necessary for this transformation is easily ob-
tained: d=38.8 mm, 1;=0.94, Pxx=2250 N and Gx=1.23x
10~3 N. Here arises the problem of how to determine
the kinetic viscosity v and the piston clearance §.
Since there exist no definite standards to determine
the kinetic viscosity, the value 0.418x107° m®/s of
the kinetic viscosity of the superheated refrigerant
corresponding to the mean state of the suction and
the discharge is used in the same manner as the
polytropic index. A very precise value should be
given for the piston clearance since it has an ef-
fect of the third order upon the time dependent term
as known from (7). However, it is very difficult to
know the precise value of the piston clearance since
it depends also on the mechanical wearing-out.

Then the piston clearance § is evaluated on the
basis of the experimental result, that is, 1ts value
is so determined that an experimental result trans-
formed into a dimensionless form has the best agree-
ment with the above theoretical solution., In this
way, the value of § is determined as 14.3 um and it
almost agrees with the designed value (from 8 ym to
10 ym). The experimental result transformed into a
dimensionless form by this value of § is shown by
the dotted line in Fig.7 and it closely agrees with
the theoretical one.

B oo
A v 4 s w v owoa
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Fig.5 Characteristics of pressure drop
in the cylinder: n=1.23



Fig.6 Characteristics of pressure drop
for n=1.2 and 1.3.
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Fig.7 Characteristics of pressure drop
in experiment and theory

An TIndicator Diagram Built up during Opposite
Revolutions of the Crank Shaft

The initial state quantities of the measured indi-
cator diagram shown in Fig.3(b) are as follows: P~
1.56x10° Pa, V#=1.02x10"5 m and Gx=7.04x10~® N.
The measured indicator diagram is tramsformed into

a dimensionless form according to (7). Then the
values of the kinetic viscosity v and the piston
clearance § are taken to be the same as those deter-
mined in the previous section., The experimental
result transformed into a dimensionless form is
shown by the dotted line in Fig.S8.

The angle of rotation 8(t) of the crank shaft and
the speed of revolution 6(t) are derived from the
pulse signals in Fig.3(b). These results are shown
in Fig.9 in whigh the signs (e) show 6(t), and the
signs (0) show 8(t). The cylinder volume V(t) and
the piston velocity vp(t) are derived from these
data. These results are transformed into a dimen-
sionless form according to (7). On substitution of
the results into the equation (9), an indicator dia-
gram is theoretically derived, but when the calcu-
lated pressure becomes lower than that in the hous-

287

theory under no leakage

experiment
theory

Fig.8 Cylinder pressure built up during opposite

revolutions of the crank shaft
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Fig.? Angle of rotation 6(t) and speed of revolution

B(t) built up during opposite revolutions of
the crank shaft

ing, the suction reed valve opens automatically and
the refrigerant is sucked in such a way that the
cylinder pressure comes to be equal to that in the
housing. The indicator diagram theoretically de-
rived from (9) 1s shown by the solid line in Fig.8,
in which Py=0,252, the polytropic index n=1.20, the
Reynolds number Re=8.9%x10° and the initial veloeity
of sound vPy/p=185 m/s., Since the polytropic index
has a great effect upon the result in this case, it
is not appropriate that the value is taken to be the
same as that given in the previous section. Then
the polytropic index n is evaluated on the basis of
the experimental result, that is, its value is so
determined that a theoretical solution derived from
(9) has the best agreement with the above experi-
mental result transformed into a dimensionless

form., This determined value of n should be consid-
ered to include all errors caused by the assumptions
in the theory. However, the value is nmot so unrea—
sonable since it almost agrees with the expected
values of the specific heat ratio of the superheated
refrigerant. The theoretically derived indicator
diagram has a good agreement with the experimental
one.

The chain line shown in Fig.8 is the indicator dia-
gram which is theoretically derived under the as—
sumption that there exists mo leakage. This result
is very different from that which is derived from
taking into account the leakage effacts. Accord-
ingly, it is concluded that the leakage effects on



the indicator diagrams are also very large in the
case where the piston moves and hence it is indis-
pensable to take into account the leakage effects in
deriving theoretically the indicator diagrams.

CONCLUSIONS

When transient vibrations at the stopping of reci-
procating compressors are simulated numerically, it
is necessary to establish previously a method for
evaluating correctly the transient indicator dia-
grams. In this study, the method is shown where the
indicator diagrams built up especially during the
opposite revolutions of the crank shaft are precise-
ly determined with due regard to the leakage effects
from the piston clearance, and the method is veri-
fied on the basis of the experimental results. The
method for analyzing is based on a very simple as-—
sumption that the leakage flow is considered to be
incompressible. However, the derived theoretical
results have a good agreement with the experimental
ones, unexpectedly. The first reason why such a
good result is obtained is as follows: since the
piston clearance is very small and the axial length
of the piston without a piston ring is very long in
the compressor chosen as the subject of the study,
the mean velocity of the leakage flow is at most

35 m/s. This value is adequately smaller than the
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the velocity of sound of the superheated refrigerant
R 22, that is, 170 m/s"200 m/s, and hence it was not
necessary to take into account the effect of com-
pressibility. Such a condition will be satisfied in
general compressors, provided that the piston of
compressors is of a type without a piston ring. The
second is as follows: it is very difficult to know
the precise values of the polytropic index and the
piston clearance, which has a great effect upon the
leakage flow. Then the values of the above quanti-
ties were evaluated on the basis of the experimental
results. Such a method for evaluating is very prac-—
tical since it includes all errors caused by the
assumptions in the theoretical treatment. However,
it is considered that the assumptions in the theory
are not so unreasonable since the polytropic index
and the piston clearance determined by the above
treatment closely agree with their expected values.

It is concluded that the method for analyzing shown
in this study 1s adequately precise and practical
enough to evaluate the leakage effects on the indi-
cator diagrams and hence it is very applicable for
a numerical simulation of transient vibrations at
the stopping of reciprocating compressors.
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