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TRANSIENT STRESS PRODUCED IN INTERNAL SUSPENSION
SPRINGS OF HERMETIC REFRIGERATION COMPRESSOR

DURING START AND

Akemi Futakawa, Dr. Eng., Manager
Central Research Laboratory
Mitsubishi Electrie Corp.
Amagasaki, Hyogo, Japan

ABSTRACT

This paper presents the theoretical and
experimental investigations on the transi-
ent stress of the suspension spring in a
reciprocating hermetic refrigeration
compressor. The torques acting to the
compressor body of a multi-cylinder com—~
pressor and the transient vibration of the
compressor body are analyzed over a wide
range of start and stop operations. The
dynamic stresses of the suspension springs
are numerically calculated in connection
with the transient motion of the compressor
body. At the same time, the dynamic stress
measurements are carried out on three sus-
pension springs of a five-cylinder compres-
sor under several operating conditions. As
a result, it is confirmed that the theoret-
ical results are generally in good agree-
ment with-the experimental results. The
transient vibration of the compressor body
during start and stop operations are
revealed. The effects of the operating
conditions and the frequency of power
source on the dynamic stress of the suspen-
sion spring are also clarified.

INTRODUCTION

A reciprocating hermetic refrigeration
compressor has a construction such that a
compressor body is supported in a hermetic
shell by several internal suspension
springs with the aim to reduce the running
speed torques and forces transmitted to the
shell. The start and stop operations of
the compressor, however, accompany a very
abrupt torgque change, thus leading to the
transient vibration with the large magni-
tude in the compressor body. As the com~
pressors are provided with higher perform-
ances, this transient vibration tends to
increase. This situation motivates this
study to clarify the generation mechanism
and behavior of the transient stress of the
internal suspension spring involved thereby.

Tanaka (1) has reported on the transient
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stress of the internal suspension springs
during stop operation. This study was
carried out from the viewpoint of the
balance of energy, but was not so far
reaching as to clarify the generation
mechanism of the transient stress of the
suspension springs.

In this study, an approximate analysis is
made on the transient motion produced in
the compressor body of a multi-cylinder
hermetic refrigeration compressor during
start and stop operations. The accompany-
ing transient stress of the internal sus-
pension springs is also analyzed. Stress
measurements are carried out on a five-
cylinder hermetic refrigeration compressor.
Comparing the theoretical results with the
experimental results, the generation mecha-
nism of the transient stress produced in
the internal suspension springs are
discussed.

THEORY
Assumptions

Fig. 1 shows an idealized cylinder pressure
—crank angle diagram used in this analysis.
The following assumptions were made in
order to analyze the transient stress
generated in the internal suspension
springs.

(i) During the compression stroke indi-
cated by AB, the refrigerant inside
the cylinder makes the adiabatic
change which is expressed by:

pv® = const. (1)

(ii) During the discharge stroke indicat-
ed by BC, the cylinder pressure is
equal to the discharge pressure and
is maintained constant during this
stroke.
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(iii) During the expansion and suction
strokes indicated by DE, the torque
generated by the refrigerant is
ignored because it is relatively
small(3). The cylinder pressure,
therefore, is regarded as equal to
the suction pressure during these
strokes.

The time to get the normal rotating
speed of the crank shaft after motor
start is very short. The suction
and discharge pressures, therefore,
are regarded as constant during
start operation.

(iv)

(v) The moment of inertia of the crank
pin and crank arm are small in
comparison with these of the piston
and connecting rod. Accordingly,
they are neglected in this analysis.

Forces Acting to Piston

Force by Gas Pressure. Fig. 2 shows a

Fig.2 Schematic diagram of piston-crank

mechanism.

schematic diagram of the piston-crank
mechanism used in the derivation of egua-
tions. During the compregsion stroke, the
cylinder pressure_at a crank angle 61 is
expressed by(z)r

2+ C
p. = P ( e

* 1 l+C+%+cosei—%cos?_ai

where p = r/l, ¢ = ¢/r. Considering the
pressure at the piston rear face is equal
to the suction pressure, the force Fgi
charged on the i-th piston gas pressure
during the compression stroke is expressed
by

) 2+ C k
Fgi = A Pl{( )
P l+C+%+cosei-%00526i

- 11 (3)

During the discharge stroke, the discharge
and suction pressures act to both sides of
the piston. The force Fgi, therefore, is
expressed by

Fgi = AP(P2 ~ Py) (4)

NOMENCLATURE

Ap = piston area, mm?

¢ = top clearance, mm
d = bar diameter of spring, mm

I Ig = moment of inertia of rotating
portion and compressor body,
N - mm

= ratio of specific heats to gas

k

K = torsional stiffness, N.mm/rad
1 = length of connecting rod, mm
L

= distance between the crank shaft
and spring center line, mm

n = number of active coils in the
spring
P1/Py /P = suction pressure, discharge
pressure, and cylinder pressure,
Pa
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r = length of crank arm, mm
R = coil radius, mm

Tr,Tg = torque for crank shaft and
compressor body, N-mm

v = specific volume of gas in
cylinder at any time, mm

¢ = viscous damping coefficient,

N-mm- s

§ = revolution angle of crank shaft,
rad

¢ = angular displacement of motion

of compressor body, rad

w = angular speed of crank shaft,
rad/s

t = shear stress of suspension
springs, N/mm



During the suction stroke, the assumption
provides that the same pressure acts to
both sides of the piston. The force Fgi,
therefore, becomes

Fgi =0 (5)

Inertia Force of Piston. The reciprocating
movement of the i-th piston produces such
an inertia force Fpi as shown in Fig., 2.
This inertia force Fpi is expressed by(4)

Wp

Fpi = rwz(cosei ~ cos26i) (6)

where Wp and g are the piston weight and
gravitational acceleration, respectively.

Force by Connecting Rod Motion. The motion
of a connecting rod is consgsidered as the
composition of the line and rotating
motions centering around the piston.
Accordingly, the modified couple induced by
this motion produces the force Fci shown in
Fig. 2 at both ends of the i-th connecting
rod. This force Fci is expressed by

. _ We _ I A .
Fei = 2g{h(l h) -a“}-r (T) sin2ei

(7)

where We, a and h are the weight of con-
necting rod, the radius of gyration around
the mass center of the connecting rod, and
the distance between the mass center of the
connecting rod and the crank pin, respec-
tively.

Torque Acting to Compressor Body and
Crank Shaft

Torque Acting to Compressor Body. As shown
in Fig. 2, the forces acting to the i-th
cylinder are the component force Fgi' of
the gas pressure force Fgi, the component
force Fpi' of the inertia force Fgi of the
piston, and the connecting rod force Fei.
These forces produce the torque Tsi acting
to the compressor body around the compres-—
sor center line, which is expressed by

Tsi = (Fgi' +Fpi' + Fci) -xi (8)

Expressing Fgi', Fpi' and xi with 6i and
then summarizing all the torques produced
in the m-c¢ylinder, the total torgque Ts
acting to the m-cylinder compressor body is
expressed by

m
} [r{(Fgi+Fpi)psinegi
i=1

Ts =
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2 2
% (l_F%T sin“ei) + Peci}l
" (,];_.‘:‘_—cosei+E cos26i) ] (9)
p 4 4

Torque by Crank Shaft Motion. The forces
acting to the crank pin are the component
force Fgi" of the gas pressure force Fgi,
the component force Fpi" of the inertia
force Fpi of the piston, and the connecting
rod force Fci. The total torque for the
crank shaft of the m-cylinder compressor,
therefore, is expressed by

m
) r{(ng-+Fpi)(sinei-% sin261i)
i=1

TR =

+ Fci cosei} (10)

Starting Torque of Motor. In the hermetic
refrigeration compressor, two-pole motor
drives the compressor directly. When the
power source is supplied to the motor, the
starting torque of motor acts to the com-
pressor body as the reactional torque. The
starting torque of the motor is generally
expressed by (5)

r
3PV2(—l)
S

7 (11)

4nfg{(ro~+7502-k(Xl-fXZ)Z}

where P = number of pole; V = voltage of
power source; f = frequency of power
source; Yo and r] = primary resistance of
coil and secondary resistance in terms of
primary resistance, respectively, Xj and X;
= primary leakage reactance of coil and
secondary reactance in terms of primary
leakage reactance, respectively, and s is
slip of motor which is given by

PN

s =1 - 1507

(12)

where N is rotating speed of rotor.

Rotating Speed of Crank Shaft

As can be seen in Egs. (9) ~ (11), the
torques acting to the compressor body and
crank shaft during start and stop opera-
tions are expressed as a function of the
crank angle. In order to obtain the crank
angle at the arbitrary time during start
and stop operations, the rotating speed of
the crank shaft should be analyzed.

The assumptions are made in this analysis
that the angular speed of the crank shaft
is w, before the power source of the motor
is turned on or off, and that is w at the



arbitrary time t after motor start or shut
off. The other assumptions are also made
that during this period, the work made by
the starting torque Tm of the motor is
almost consumed for the increase of the
kinetic energy at the moving section of the
compressor, and for the compression action
of the refrigerant. That is, there is no
viscous dissipation during this period
because the time to get the normal rotating
speed or standstill of the crank shaft
after motor start or shut off is very short.
These assumptions lead to the following
equation established in regard to the angu-
lar speed of the crank shaft at the arbit-
rary time t.

I . £
R 2 “ S (Tp - Tm)dt
(@]

- %)

(13)

Transient Motion of Compressor Body

Fig. 3 shows a cross sectional view of
the hermetic refrigeration compressor to be
tested. The compressor body is supported
to the axial direction by the upper and
lower springs at the center portion, and to
the circumferential direction by three
springs at the outer peripheral portion.
During the start and stop operations of the
compressor, both the torgues Ts and Tm act
to the circumferential direction of the
compressor body. These torques induce to
the compressor body the torsional vibration
centering around the crank shaft which
passes through its mass center.

The system in which the transient motion
will occur consists of the compressor body,
+the motor, and the circumferential springs.
The mathematical model with one degree of
freedom system, therefore, can be helpful
to analyze the transient motion produced in
the compressor body.

When the power source is turned on, the
starting torque Tm of the motor acts to the
compressor body in a step manner. At the

Motor

/

I)nternul suspension spring

“Piston “Shell

-Crank shaft

Cross sectional view of tested
refrigeration compressor.

Fig.3
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same time, the torque Ts caused by the com-
pression action of the refrigerant acts to
the compressor body to the transverse
direction to the rotating direction of the
crank shaft. These torques will be gene-
rated on the compressor body as correspond
to the difference between two torques.

When the crank shaft reaches the normal
revolution, the above two torques come to
the equilibrium condition, thus leading to
no torque apparently acting to the compres-—
sor body.

When the power source is turned off under
the normal operating conditions of the
crank shaft, the equilibrium condition
between the above torques is collapsed
abruptly. The torque Ts mainly resulting
from the compression action of the refrig-
erant acts to the compressor body in a step
manner. This phenomenon is maintained
until the rotating speed of the crank shaft
becomes zero. The following equations,
therefore, are obtained on the torsional
vibration of the compressor body.

(1) 0 <t < ts
Is d% . . d¢
== +r=2 + Ko = Tm - Ts (14)
g at? at

(i1) t > ts
1s d%s aé
Bdd 2k =0 (15)
g dt dt

where ts is the time to get the normal
rotating speed or standstill of the crank
shaft after motor start or shut off,
respectively.

The transient vibration caused on the com-
pressor body during start and stop opera-
tions can be obtained by solving Egs. (14)
and (15) which contain the non-linear
external forces Ts and Tm.

Transient Stress of Internal Suspension
Spring j

Using the angular displacement ¢ of the
compressor body caused by the transient
vibration, the shear stress on the outside
surface of the coil of the internal suspen-
sion spring is given by

0.615d
2R

dGL

8R+d 0
R2

(gr-4d ~

T = {16)

4nn

where G and L are the modulus of elasticity
in torsion and the distance between the
crank shaft and the spring center line,
respectively.



NUMERICAL CALCULATION

As Egs. (13) and (14) involve the non-
linear torgues Tm and Ts which depend on
the crank angle 8i, no analytical solution
can be obtained. The following numerical
procedure was used to get the solution of
Egs. (13) ~ (15) in this study.

Numerjcal Procedure for Starting Period

(1) Under the initial conditions at t =
0, the angular speed of the crank
shaft is we = 0, and the angular
displacement and angular velocity of
the compressor body are ¢ = ¢' = 0,
respectively., The angle of the
first crank is regarded as 81 = 0.

(ii) Simpson's formula is applied to Eqg.
(13) and the 4th Lunge-XKutta method
is applied to Eq. (14). Both equa-
tions are simultaneously arranged to
get w and ¢.

(iii) The time step in this calculation is
selected with t = 0.001 s, and it is
further divided into 10 sub-gections
for the numerical integration.

(iv) The time ts when the change of the
angular speed of the crank shaft is
less than 0.1 rad/s is defined as
the start-up time of the compressor.

(v) Expressing the initial conditions
with the angular displacement and
angular speed of the compressor body
at the time ts, Eg. (15) is solved
by the 4th Lunge-Kutta method.

(vi) Substituting the angular displace-
ment ¢ of the compressor body into
Eg. (16) at each time, the dynamic
stress produced in the internal sus-
pension spring is obtained.

Numerical Procedure for Stopping Period

(i) Under the initial conditions at t =
0, the assumptions are made that We
= 120 rad/s, ¢ = ¢' = 0, and 8] = 0.

(ii) Simpson's formula is applied to Eq.
(13) and the 4th Lunge-Kutta method
is applied to Eg. (14) under Tm = 0.
Both equations are simultaneously
arranged to get w and ¢.

(1ii) The time step for calculation is t =
0.001 s.

(iv) The time ts when the angular speed
of the crank shaft becomes zero is
defined as the time to get no rotat-
ing speed of the crank shaft.

(v) Expressing the initial condtions
with the angular displacement and
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speed of the compressor body at the
time ts, Eg. (15) is solved by the
4th Lunge-Kutta method.

(vi) Substituting the angular displace-
ment of the compressor body into Eq.
(16), the transient stress of the
internal suspension spring is
obtained.

EXPERIMENTAL PROCEDURE AND RESULTS

Hermetic Refrigeration Compressor used
for Experiment

Figs. 4 and 5 show a block diagram of the
experimental arrangement and a view of the
experimental equipment, respectively.
Table 1 gives the specifications for the
hermetic refrigeration compressor which was
used for this experiment. The compressor
used for the experiment is provided with
five-cylinders. The compressor body is
supported to the vertical direction by the
upper and lower springs at the center por-
tion and to the circumferential direction
by three springs at the peripheral portion.
The hermetic shell of the compressor is
divided into two sections and these are

Pressure gauge

20\
Cooling water

valve
> %
>

<

Cooling water

rkL$_&mpmﬁq_

e

Evaporator iCondenser

AA
PR |
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P T ——

‘&xmsim valve

—~
Bypath volve

Fig.4 Schematic diagram of experimental
arrangement.
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i
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Fig.5 View of experimental equipment.



Table 1 Specifications for tested
compressor
Cylinder diameter (mm) 429
Stroke (mm) 25.9
Number of cylinder 5
Compressor | Moment of inertio of
compressor body (N -cm?) 27800
Moment of inertia of 93|
rotating portion (N .cm?)
Volume of cylinder (cm*/rev) I187.0
Rating (w) 7500
Rated voltage (V) 200
Motor
Rated frequency (Hz) 50/60
Pole number 2
Bar diameter (mm) 3.2
Coil radius (mm) 7.95
Internal Number of active coils in 5.0
suspension | spring )
spring Distance between crank shaft 120.6
and spring center line (mm} )

connected by the flange. This construction
makes easy to take out the lead wires from
the strain gauges.

Fig. 6 shows a view of the strain gauges
mounted on the internal suspension springs.
The one-element strain gauges were so
oriented on the outside surface of the
spring coil to detect a normal strain pro-
porticonal to the shear strain. They were
bonded with an angle of 45 degrees to the
spring coil axis.

Ko

i

"'“ ot

iy

Fig.6 Arrangement for strain measurement
of internal suspension spring.

Experimental Procedure

The test conditions are given in Table 2.
By changing the valve settings for the
cooling water and the refrigerant charge in
the system, the test conditions of the com-
pressor were adjusted to any required
operating condition. R 22 was used as the
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refrigerant in this test. The power source
voltage and frequency were 200 V and 60 Hz,
respectively. In this experiment, the
variations in the displacement amplitude of
the compressor body were also measured
under the damped free vibration. And the
damping coefficient was estimated from the
logarithmic decrement.

Table 2 Test conditions
Suction pressure |Discharge pressure
P 2
(x 10° Pa) (x10% Pa)
7.0 19.0
Starting
9.2 9.2
5.0 20.0
Stopping 6.4 28.6
2.0 28.6

Experimental Results

Fig. 7 shows a typical example of the
results obtained from the measurement of
the shear stress generated in the internal
suspension spring during start operation.
In this figure, the shear stresses were
derived by substituting the measured normal
strains into the following equation.

Ge (17)

T = 2

where G and e are the modulus of elasticity
in torsion and the measured normal strain,
respectively.

The signs from I to III shown in Fig. 7
represent the shear stress at the center
portion of the spring. The signs from IV
to VI indicate the shear stress at every
other pitch from the end portion. Fig. 8
shows a typical example of the measured
shear stress at two different internal sus-
pension springs during stop operation. The
signs from I' to III' shown in Fig. 8
represent the shear stress at the center
portion of the spring. The signsg from IV’
to VI' represent the shear stregs at every
other pitch from the end portion. The
lines with the signs from IV' to VI' shown
in Fig. 8 are the data for another gpring
and are recorded with the reversed sign in
order to distinguish the data from that of
the former spring.

When the power source is supplied to the
compressor, the stress variations shown in
Fig. 7 are caused in the internal suspen-
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suspension spring during stop
operation.

sion springs. As the rotating speed of the
crank shaft reaches the normal revolution,
the stress variations are damped gradually,
following to disappear. If the power
source is turned off under this operating
condition, the stress variations appear
again in the internal suspension spring.
When the rotation of crank shaft comes to
standstill, this stress variation is damped
slowly until it disappears.

As is clearly shown in Figs. 7 and 8, no
phase difference is found among the stress
variations produced in the internal suspen-
slon spring during start and stop opera-
tions, even if the stress measuring loca-
tions and the springs are not the same.
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These phenomena indicate that the internal
suspension springs are almost evenly
deformed to these axial directions. The
stress variations at the end portion of the
spring shown with the signs VI and VI',
however, are somewhat different from those
at the central portion. This may be caused
by the contact of the spring cocil with the
spring supports at the end portions.

DISCUSSION

Torqgue Acting to Compressor Body

Starting Torgue Variations of Motor.
9 shows the theoretical result of the
starting torque-time curves when the test
compressor is started under the power
source with a voltage of 200 V and a fre-
quency of 60 Hz. When the power source is
supplied to the compressor under a suction
pressure of 7.0 x 105 _Pa, and a discharge
pressure of 19.0 x 10° Pa, the starting
torque is maximum at about 0.10 s. If
there is no pressure difference between the
suction and discharge pressures, the start-
ing torqgue becomes maximum at about 0.06 s
because of the reduction in the compressor
loading.

Fig.
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g P; =7.0x10% Pq \
n 20—+ |P,=19.0x10%Pg \ \
0
0.025 005 0075 0.1 0.125
Time (s)
Fig.9 Variations in starting torque

of induction motor.

Meanwhile, if the power source frequency is
changed from 60 Hz to 50 Hz under the same
power source voltage, the starting torque
is increased by about 1.6 times as large as
that in 60 Hz case. This leads to the
reduction in the start-up time, thus accom-
panying the maximum starting torque at 0.03
v 0.05 s.

Torques by Pressure of Refrigerant and
Inertia of Crank Mechanism. Fig. 10 shows
the theoretical result of the torgque Ts
acting to the compressor body under a normal
rotating speed of 3600 rpm. As can be seen
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Fig.l0 Torgues acting to compressor body.

in Fig. 10, very complicated torques act to
the compressor body. The torque acting to
the compressor body is ruled with that
caused by the compression action of the
refrigerant. This means that the torque
caused by the inertia of the crank mecha-
nism could be ignored. The average value
of this torque variation tends to be large
when both suction and discharge pressures
are high. Even if the discharge pressure
is high, the average torque is comparative-
ly small under the low suction pressure.

Rotating Speed of Crank Shaft

Rotating Speed during Start Operation. Fig.
11 shows the theoretical result of the
angular speed of the crank shaft when the
compressor is started under the power
source with a voltage of 200 V and a fre-
quency of 60 Hz. When motor start is
undertaken under a suction pressure of 7.0
x 10° Pa, and a discharge pressure of 19.0
x 105 Pa, the rotating speed of the crank
shaft reaches the normal revolution at
about 0.12 s. Under no difference between
these pressures, the start-up time of the
compressor is shortened to about 0.08 s

400 ;
V=200V -
£ £260Hz / /
S 300 |
; fp, =9.2x10%Pa 4
° {|p2=920°Po /
‘é’_ ._"i’ 200 l A N - —
23 /P.-T.Oxlo Pa
.. I P2=19.0xI0%Pa
S _ 100 4
&% "
I B
0 0025 005 0075 0l  0I25
Time (s)

11 Relationship between angular speed
of crank shaft and time during
start operation.

Fig.
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because the starting torque is consumed
only for the increase in the rotating speed
of the crank shaft.

On the other hand, if motor start is under-
taken at the same voltage and a power
source frequency of 50 Hz, the starting
torgue of the motor will increase to about
1.6 times as large as that in 60 Hz case.
This leads to the reduction of the start-up
time, shortened to 0.05 ~ 0.06 s.
Rotating Speed during Stop Operation. Fig.
12 Shows the theoretical result of the
angular speed of the crank shaft when the
power source is turned off suddenly under a
normal rotating speed of 3600 rpm. As can
be seen in Fig. 10, very complicated tor-
ques act to the compressor body until the
rotating speed of the crank shaft reaches
standstill. During this period, the angu-
lar speed of the crank shaft decreases
almost constantly with increasing the time
as shown in Fig. 12. Fig. 12 also indi-
cates that the time to get the rotating
speed of zero is about 0.11 s under a suc-
tion pressure of 6.4 x 105 Pa, and a dis-
charge pressure of 28.6 X 102 pa. It is
about 0.19 s under a suction pressure of
2.0 x 10° Pa and a discharge pressure of
28.6 x 10° Pa. The time required for stop
operation is almost in proportion to the
average torque obtained from the torque
variations shown in Fig. 10. If the com-—
pressor is under the normal rotating speed
at a power source frequency of 50 Hz, the
decreasing tendency in the rotating speed
of the crank shaft is guantitatively simi-
lar to that in 60 Hz case.

= 400 .
> V=200V
L \ f=60Hz
lﬁ 300 N {p,=2,0xIO"’Pu
= \\%Q&GXIO’P[Q
2 200 ;
< Y {p, -50x10°Po
9 P P2=20.0xi0°Pa
a 00 ; <
5 {p':GAxIO"'Pa N \\
2 5 P2=28.6xI0%Pg \ \
= 0.05 0.l Q15 02 0.25
Time (8)
Fig.1l2 Relationship between angular speed

of crank shaft and time during
stop operation.

Transient Stress Produced in Internal
Suspension Spring

Comparison between Theoretical and Experi=-
Mmental Results. Figs. 13 v 17 show the
comparison between the theoretical and
experimental results on the shear stress




produced in the internal suspension spring
over a wide range of test conditions. In
these figures, the variations of the shear
stresses are indicated on the base that
shear stresses before motor start or shut
off are zerc. From these results, it is
clear that the theoretical results are com-
paratively in good agreement with the
experimental results. This means that the
calculation is successful to simulate the
generation mechanism of the shear stress
produced in the internal suspension spring.
The theoretical result also shows that the
effect of the damping on the shear stress
is comparatively small. This leads to the
conclusion that the damping coefficient in
Egs. (l14) and (15) can be neglected in the
practical spring design.

Transient Stress during Start Operation.
When the compressor is started up under a
suction pressure of 7.0 x 102 Pa, a dis-
charge pressure of 19.0 x 10° Pa, a voltage
of 200 V, and a frequency of 60 Hz, the
shear stress produced in the suspension
spring is in the pulsating fluctuation
within the period of 0.12 s as shown in
Fig. 13. When the motor is started up,
both the torques caused by the motor start
and the compression action of the refriger-
ant act to the compressor body in a step
manner. This phenomenon induces the pul-
sating fluctuation shown in Fig. 13 in the
stress variations during this period. When
the rotating speed of the crank shaft
reaches the normal rotating speed, they
become in the equilibrium condition, accom-
panying no torque apparently acting to the
compressor body. This phenomenon produces
the completely reversed fluctuation of the
shear stress because of the free vibration
of the compressor body. On the other hand,
if there is no pressure difference between
the suction and discharge pressures, the
time to get the normal rotating speed of
the crank shaft is shortened to about 0.08
$. During this period, a large transient

shear stress is caused in the internal sus-
pendion spring as shown in Fig., 14.
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spring during start operation.

When the compressor is started up under the
power source with a voltage of 200 V and a
frequency of 50 Hz, the starting torgue of
the motor is about 1.6 times as large as
that under a power frequency of 60 Hz.

This induces the larger stress than that in
the internal suspension spring under a
power frequency of 50 Hz.

Transient Stress during Stop Operation.
Comparing Figs. 15 ~ 17 with Fig. 12, it is
clear that the stress fluctuation caused in
the internal suspension spring during stop
operation correctly corresponds to the time
to get the rotating speed of zero. Namely,
if the power source is turned off under a
normal rotating speed of 3600 rpm, a suction
pressure of 5.0 x10° Pa, and a discharge
pressure of 20.0x 105 Pa, the torque shown
in Fig. 10 acts to the compressor body with~
in the period of 0.16 s until the compres-
SOr comes to standstill. This torgque
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induces the transient vibration in the com-
pressor body and the shear stress of the
internal suspension spring with the pulsat-
ing fluctuation. After the rotating speed
of the crank shaft becomes zero, the vibra-
tion of the compressor body turns to the
free vibration because of no external excit-
ing torgque acting to the compressor body.
At the same time, the shear stress of the
internal suspension spring also turng to
the completely reversed fluctuation.

In the case when both the suction and dis-
charge pressures are high, the rotating
speed of the crank shaft becomes zero
immediately after the second peak appears
in the stress fluctuation. Thereafter, the
compressor body turns to the free vibration
with the large amplitude. This phenomenon
is accompanied by the large stress varia-
tion, as indicated in Fig. 16. Meanwhile,
if the suction pressure is low and the dis-
charge pressure is high, the time to get
standstill in the crank shaft rotation
increases to about 0.19 s. In this case,
three peaks appear in the stress fluctua-
tion during this period.
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Comparing Figs. 15 ~ 17 with Fig. 10, it is
clear that the stress amplitude of the
internal suspension spring is effectively
ruled with the average level of torque
obtained from these fluctuation torques
rather than the maximum value of the torgue
fluctuation. In other word, if the suction
and discharge pressures are high, the shear
stress of the internal suspension spring is
also large. Meanwhile, if the suction
pressure is low, it is not necessarily
large even though the discharge pressure is
high. The maximum stress value of the
internal suspension spring amounts to about
1.90 ~ 1.95 times as large as that obtained
under the assumption that the average value
of the fluctuating torque acts to the
compressor body in a step manner.

CONCLUSIONS

An approximate analysis was conducted on
the transient stress produced in the inter-
nal suspension spring of the multi-cylinder
hermetic refrigerating compressor during
start and stop operations. At the same
time, experiments were carried out on the
hermetic refrigeration compressor with five
cylinders, and the transient stresses of
the internal suspension springs were mea-
sured over a wide range of start and stop
conditions. Comparing the theoretical
results with the experimental results, the
stress generation mechanism was discussed.
The results obtained are as follows:

(1) When the compressor is started up, the
difference between the starting torque
of the motor and the torgue by the
compresion action of the refrigerant
acts to the compressor body in a step
manner. When the power sodurce 1is
turned off, only the torque by the
latter acts to the compressor body in
a step manner. These abrupt torque
variations induce the transient vibra-
tion to the compressor body, accompa-
nying the transient stress in the
internal suspension spring.

(2) The transient stress produced in the
internal suspension spring has the
close corelation with the time to get
the normal rotating speed or stand-
still of the crank shaft. During
these periods, the stresses of the
internal suspension spring are in the
pulsating fluctuation. After the
rotating speed of the crank shaft
reaches the normal rotating speed or
zero, the transient vibration of com-
pressor body turns to the free vibra-
tion, accompanying the stress varia-
tions of the internal suspension
spring with the completely reversed
fluctuation.

(3) The stress produced in the internal



suspension spring is almost ruled with
the average value of the fluctuating
torque rather than the maximum value
of the torque which acts to the com-
pressor body. This transient stress
amounts to 1.90 ~ 1.95 times as large
as the static stress obtained under
the assumption that the average torque
acts to the compressor body in a step
manner.
(4) When the compressor is started up
under the same power source voltage,
the larger stress is produced in the
internal suspension spring under a
power frequency of 50 Hz than that
under a power source frequency of 60
Hz. When the power source is turned
off, however, the power source fre-
quency does not influence the stress
of the internal suspension spring.

From this study, it is confirmed that the
current spring design is acceptable. This
means that the design concept described
above is in accordance with practical
experience for the internal suspension
spring. The design of the internal suspen-
sion spring has been largely a matter of
trial and error up to date. Through this
investigation, however, it is considered to
be made possible to determine guantitative-
ly the dimensions of the internal suspen-
sion spring.

This study has been conducted for a com-
paratively large hermetic compressor. In
order to establish the general concept of
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the spring design, further investigations
are needed to conduct for a small hermetic
compressor with multi freedom for the
vibration of the compressor body.
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