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The bearing loads were measured and analyzed for the gas-
bearing type circulator of the Helium loop HENDEL. From reéults of
the study, it was found that the static load acting to bearing
pads in the journal bearing does not remain constant as expected
and is not isogonal due to the external forces from momentum
changes and pressure gradient of the working gas and from electro-
magnetic force in the driving motor.

As to the dynamic load in the bearing, it was found to depend
on the static load and was also found that the absolute value of
its vector is not constant in a rotation of the shaft.

It was predicted and reasoned that the divergent shaft
vibration is caused by the vibrational dynamic load in absolute

value and relatively low stiffness of the spring-pivot. To improve
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weak points of the gas-bearing circulator, some new design
criteria are offered and the substantial methods are also

indicated to realize those criteria.
Keywords: Gas Circulator, Gas Bearing, Tilting Pad, Pivot,

Vibration, Whirling, Dynamic Load, Static Load,

Instability, Gas Cooled Reactor, Helium Loop

i



JAERI-M 86-066

HART) Y FREREOXT U v 7ty 2RE 6 & UM

H A - A28 52 A S B 5T AT o A
TR B« HR B NI &
IR FeiT - B Mk

(1986 F3 Q31 8%H)

Yo an—7“HENDEL " KHEHPOHZXT ) vy RIEREORT ) Y /S
B4 3RELL U ETo/co CHODEBEEM S Vv —F AT Y V¥ IDy FiT
ERTAHHEIFHINTVALIL-ERBRKBELIOLNOLIZ, fBSA0ETFTE L &L
UEAAREFEHHBEHRBCBIIFEHANCLI2AARERLT, ESZHFNTHLT &M
B S i s - 12,

NTD Y FIFRTAHHECODVTEZTOENBHEICIKEL, FO~7 vy
i —mEhicEEHT5T &L ¥ -7,

BEE Y+ 7 PORBMERDR LLOBHHNEORH LR 7Y YT+ v b DHENE
DEitE i 2R T3 ENRRERBLUBITER b SHERIN, T,

HWART) vy BEBRBICETICNOOBFREBRT I, _ZoHit@ath
LaEBK{bT EEEIRDVTOERLA,

SRR T3¢ -1 FRRREHARNENALFARZ O 4

i )



JAERI-A B6-066

CONTENTS
1. OUTLINE t.eieeneencancannnnen cettaat e s et aaanean oo 1
2. MEASUREMENT +ecveosssceassssssancanacasssssasnsnnsens . 3
3. ANALYTICAL METHOD .ieveceveancsosvennaccnannnsons Y |

4. RESULTS OF TEST AND ANALYSIS tu:iviesececncssnronsosenss 9
4.1 TEST RESULTS ..ciceronnnnans tersaeee teeecesnensacan %
4.2 RESULTS OF ANALYSIS ..cviececacnssnsocscssasanaoass 11

5. DISCUSSION ON RESULTS ....cc.u... “r ettt eneenn Ceaveens 13

6. CONCLUSION AND RECOMMENDATIONS ON DESIGN CRITERIA ... 15

7. ACKNOWLEDGEMENTS .....ccccea.n sreevseas cerremenann coe 19

8. REFERENCES ..cceeccccccennnsaanccsnsnnscanns Ceesvcecencns . 19

APPENDIX: SOURCE DATA OF TEST ON B; CIRCULATOR ...... 53

(V)



JAERI-M 86-066

H /.

1. ﬁ& g} ............................................................................................... 1
2. (ﬂq (A‘t’ ................................................................................................ 3
3. ﬁg *ﬁ. (_Z: ................................................................................................ 7
4. am&vﬁg*ﬁ%—g% .................................................................................... 9

4. 1 asﬁgé;gé .......................................................................................... 9

4. 2 %*ﬁ.%&g{ .......................................................................................... 11
5 Eﬁ&(}%ﬁ%%@*ﬁéj— ........................................................................... 13
6. %Eﬁ&(}i’kgfﬁﬁﬂﬂ?‘%&%ﬁ% ......................................................... 15
% E\z ...................................................................................................... 19
Z‘E%Xﬁk ...................................................................................................... 19
M‘J‘ﬁ : Bl ﬁx’ﬂéﬁ%‘cﬁj—égfmqﬁg ............................................................... 53

(i)



JAERI-N  86-066

LIST OF FIGURES AND TABLES

Fig.1a Static Load in Air just after Begining of Test
Fig.1b 'Dynamic Load in Air just after Begining of Test
Fig.2a Static Load in Air after 6 Hours of Begining Test
Fig.2b Dynamic Load in Air after 6 Hours of Begining Test
Fig.3a Static Load in Helium of 27deg, 5.4kg/cm?G

{ Ap=0.26kg/cm? at 7500rpm )

Fig.3b Dynamic Load in Helium of 27deg, 5.4kg/cm?3G
{ Ap=0.26kg/cm?® at 7500rpm )

Fig.d4a Static Load in Helium of 27deg, 10kg/cm?G
( Ap=0.43kg/cm? at 7500rpm )

Fig.4b Dynamic Load in Helium of 27deg, 10kg/cm?G
( Ap=0.43kg/cm? at 7500rpm )

Fig.5a Static Load in Helium of 27deg, 20kg/cm?G
( Ap=0.69kg/cm? at 7500rpm )

Fig.5b Dynamic Load in Helium of 27deg, 20kg/cm?G
( Ap=0.69kg/cm? at 7500rpm )

Fig.6a Static Load in Helium of 27deg, 30kg/cm?G
{( Ap=0.94kg/cm? at 7500rpm )

Fig.6b Dynamic Load in Helium of 27deg, 30kg/cm?2G
( Ap=0.94kg/cm? at 7500rpm )

Fig.7a Static Load in Helium of 27deg, 40kg/cm?C
( Ap=1.18kg/cm? at 7500rpm )

Fig.7b Dynamic Load in Helium of 27deg, 40kg/cm?G
( Ap=1.18kg/cm? at 7500rpm )

Fig.8a Static Load in Helium of 300deg, 40kg/cm?G
( Ap=0.78kg/cm? at 7500rpm )

Fig.8b Dynamic Load in Helium of 300deg, 40kg/cm?G
{ Ap=0.78kg/cm? at 7500rpm )

Fig.9a Static Load in Helium of 178deg, 40kg/cm?G
( Ap=0.83kg/cm? at 7500rpm )

Fig.9b Dynamic Load in Helium of 178deg, 40kg/cm?G

( Ap=0.83kg/cm? at 7500rpm )

Fig.10a Static Load in Helium of 178deg, 40kg/cm?2G
( Ap=1.13kg/cm? at 7500rpm )

i



JAERI-M 86-066

Fig.10b  Dynamic Load in Helium of 178deg, 40kg/cm?G
( 8p=1.13kg/cm® at 7500rpm )

Fig.1la  Static Load in Helium of 178deg, 40kg/cm’G
( bp=1.28kg/cm” at 7500rpm )

Fig.11b Dynamic Load in Helium of 178deg, 4Okg/cm2G
( Ap=1.28kg/cm’® at 7500rpm )

Fig.12 Correlation of Static Load vs. Dynamic Load
for Upper and Lower Bearing

Fig.13 Correlation of Measured Values vs. Calculated
Values for Dynamic Load in Upper Bearing in Case
of 2 Parameters

Fig.14 Correlation of Measured Values vs. Calculated
Values for Dynamic Load in Lower Bearing in Case
of 2 Parameters

Fig.15 Correlation of Measured Values vs. Calculated
Values for Static Load in Upper Bearing in Case
of 2 Parameters

Fig.16 Correlation of Measured Values vs. Calculated
Values for Static Load in Lower Bearing in Case
of 2 Parameters

Fig.17 Correlation of Measured Values vs. Calculated
Values for Dynamic Load in Upper Bearing in Case
of 4 Parameters

Fig.18 Correlation of Measured Values vs. Calculated
Values for Dynamic Load in Lower Bearing in Case
of 4 Parameters

Fig.19 Correlation of Measured Values vs. Calculated
Values for Static Load in Upper Bearing in Case
of 4 Parameters

Fig.20 Correlation of Measured Values vs. Calculated
Values for Static Load in Lower Bearing in Case
of 4 Parameters

Fig.21 Spectral Map of Shaft Displacement at Upper
Bearing in Helium Test for Diametral Bearing
Gap Cb=0.02mm

Fig.22 Spectral Map of Shaft Displacement at Upper

Bearing in Helium Test for Diametral Bearing
Gap Cb=0.02mm

(i



JAERI-M 86-066

Fig.23 Spectral Map of Casing Acceleration at Upper
Bearin% Leve in Helium Test for Diametral Bearing

Gap Cb=0.02mm

Fig.24 Lissajous' Figure of Shaft Displacement at Upper
Bearing Level in Helium of 199deg, 40kg/cm?G
(Cb=0.02mm)

Table 4.1 Test Conditions for Static and Dynamic Loads
at Specified Speed

Table 4.2 Correlated Linear Coefficients for Bearing Loads

(x>



JAERI-MN 86 066

1. OUTLINE

The static and dynamic loads were measured and analyzed for
gas bearing circulator(B:) which made by Alsthom Atlantiqus Co.,
FRANCE, regarding to rotating speed, gas pressure, differential
pressure, driving current, etc.

The results showed that the static and dynamic load are not
the value decided only from revolution speed as expected, but are
governed by another parameters too. It was also found that static
and dynamic load correlates each other, that is, when static load

.

is large on the radial bearing pad, dynamic load also increases to
very high value on the pad.

It has been presumed that the static load of radial bearing
rises up monotonically until revolution speed increases to a
certain value, thereafter, it keeps nearly constant value by the
action of spring pivots. The result showed, however, to be not

always so and three cases are found.

Those are:

{(a) The static load rises up to much higher value than the pre-

loaded value of the spring pivot.

{b) The static load decreases from a certain value with increasing

of circulator speed.
{(c) As presumed formerly, the static load rises up until
revolution speed reaches to a certain value, thereafter it keeps

nearly constant value regardless of increasing speed.

The constant value of static load mentioned above has been
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presumed as same as pre-loaded value of the spring pivot. aAnd this
constant static load had been expected to be changable by
adjusting pre-loading of the spring pivots.

Neverthless of above presumption, the result showed clearly
that static and dynamic loads are affected by not only revoclution
speed but also gas pressure, differential pressure and other
factors. It was also found the load acting to an each pad is not
same for three pads in both upper or lower radial bearing. that
is, static load is not isogonal(isometric) in both upper and lower
radial bearings.

The case (c) described above seems to be limited only in the
case when the circulator is operated in very low power such case
as the test without impeller or the case as in free air with
impeller.

Thus it seems that the design and balancing technigues should
be discussed more for this type circulators.

To investigate the governing factors of bearing loads, the
series of tests were carried out in air and Helium gas with the
condition for revolution speed of 3000 to 8000 rpm, gas pressure
of 10 to 30 bar, differential pressure of 0.0225 to 1.43 bar and
temperature of 20 to 300 deg respectively.

The measured values of static and dynamic load are correlated
with selected variables using multi-variables least-square method.
The correlating variables are selectable any kinds and numbers
from revolution speed, gas pressure, differential pressure,
driving current and another six measured parameters.

From the result of analysis, it was found that when

revolution speed and gas pressure are selected as the variables,
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the calculated values of static and dynamic loads are scattered
relatively much against the measured values of them for both upper
and lower bearings as shown in Figs 13 to 16. If four parameters;
revolution speed, gas pressure, differential pressure and driving
current are dealt as the variables in the correlation, they are so
correlative as to static and dynamic loads for both upper and

lower bearings as shown in Figs 17 to 20.

2. MEA3BUREMENT

The bearing loads were measured substituting a instrumented
pivot for the fixed type pivot in both upper and lower journal
bearings. Signals. from the pivots were led to direct-current and
alternating-current amplifiers to measure static load and dynamic
load respectively. The amplified signals were connected to
Honneywell model-101 18-channels magnetic data-recorder and to
NEC-Sanei type 7V14 scanning digitizer.

The circulator speed was measured by Hewlett Packard 5316a
counter counting pulses from the speed sensor, and was converted
into analogue signal using Yokogawa-Hokushin model 3161 frequncy
to voltage converter.

All of the digital signals were led to Hewlett Packard 9836T
computer for calculation, drawing and storing. The analogue
signals of loads and revolution speed are connectable to Yokogawa-
Hokushin type 3023 X-Y recorders and Hewlett Packard 54232 dynamic
signal analyzer.

The dynamic signal analyzer transforms the vibrational sinals
of loads and shaft displacement into frequency-domain and time-

domain data in digital manner. The frequency-domain and. time-
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doma:in data from the analyzer were also led to the computer to
draw freguency spectram maps and Lissajous' figures of the
vibrational signals.

The computer connected with the all digital measuring devices
through IEEE standard General Purpose Interface Bus in the
testing. The vibrational signals were also connected to two
Techtronics model 464 storage oscilloscopes to monitor and prevent
the abnormal vibrations.

The following parametelis were also measured analyzing how the
loads were affected from them.

(1) revolution speed

(2) driving current of the motor

(3) pressure of workig gas

(4) differential pressure across the circulator

(5) gas temperature in inlet nozzle

(6) gas temperature in outlet nozzle

(7) flow rate of gas

(8) temperature of the motor-stator's winding

(9) temperature of a pad in the upper journal bearing
{10) temperature of a pad in the lower journal bearing

All signals described above are also stored and connected as
same manner as load signals, thus it is able to process any data
in any manner manually or automatically.

The test was conducted for the regenarative type gas
circulator(B;) in connection with the Helium test-loop "HENDEL" !
using measuring set up described above under the conditions as
follows:

{a) Speed Range ; 3000 to 8300rpm, roughly, same to below



JAERI-N 86-066

(b) Inlet Gas Temperature; room temperature, 200, 300deg
(c) Gas Pressure ; 10, 20, 30, 4Okg/cm2G
{d) Differential Pressure; 0.2, 0.4, 0.6, 0.4, 1.2, 1.4kg/cm2
( values at nearly 8000 rpm, equivalent to flow control valve

openings as same pressure drop as above )

Another parameters mentioned above in (1) to (10) vary
naturally from changing above conditions (a) to (d).’

The test was also carried out in air as same manner as in
Helium loop without blower casing for both case with impeller and
without impeller. In the test in air and Helium, the vibrational
movement of shaft was detected using additional two distance-
sensors positioned on upper side of the upper bearing in 90deg
direction. The absolute value and frequency component of shaft
vibration were measured from the signals of these senscors. The
trace of shaft movement was drawn with Lissajous' method from
these signals as shown in Fig.24.

Prior to all tests, the clearance between journal and bearing
pads and centering of the shaft were measured and adjusted again
and again using dial-guages with extreme carefulness.

The measured static and dynamic load were plotted with
revolution speed in analogue and digital manner, however, the
absolute value of the static load may not be accurate because it
is very difficult to know how much load acts to the sensor-pivot
when circulator is stopped and also difficult to prevent drifting
of signals from the direct-current amplifiers completely. In other
words, the dynamic load and relative value of the static load are
acuurate enough and reliable because the sensor-pivots themselves

are calibrated very accurately.

~‘5,



The conditions of spring-pivots were adjusted and confirmed

as follows:

{a) Pre-Loading ;
(b} Spring Constant ;
(c) Movable Range ;

H

(d) Diametral Clearance;

r

Among the all tests,
additionally attached to outside of the outer casing at the level
of upper and lower bearings. And the signals from the detectors

were also recorded in the magnetic tape and were connectable to

JAERI-M
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the dynamic signal analyzer and the oscilloscope.
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3. ANALYTICAL METHOD
If the measurable function Y is governed by m variables X,,
X,y ... and Xm, we can exprass the relations of measured functions
and variables as following manner for n measurements.
Yy o= £,0 %, Xpp een 4X )

Y, = £,( X;y Xpy vee sX_ )

..... tetts et tesenes s (3.1)

[
n

£0 X, Xp0 vue X )
where, m ; number of variabkles
n ; number of measurements
We have errors in measured values generally, then the
equations of measurement to yield are ;

Yy = £.0 Xoyv Xogr enr oXop ) o= vy

Yz - fZ( x°1, on’ e e e ,Xom ) =Vz
R N I N TN A A S A S A A A AR P (3.2)

Y- £ 0 Xo1r Xoor eee o Xop ) =V )
where, X ,,Xg,/s o0 ,xom ; most reliable value of variables
VieVor see 'V ; residual errors

Solving Xg;,Xg; ... and Xq with multi-variables least square

methodz) from equations (3.2), we have;

25 _ o

9Xg,

25 _ o

9Xo2

ereeeen (3.3)
25 _ 9

3Xop /
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n
where, S = I v?
. i

i=1

Supposing linear systems for eg.(3.2), we obtain;

Y, - ( A Xy, + A1,Xgp + ou. + Almxom ) = vy
Y, = ( Ay Xgy + Ay2Xps + e + Aszom ) = v,
............................................ (3.4)
Yn - | An1X01 + An2X02 + ... + Anmem ) = -Vn

where, Aj;, «covnnaoan. ’Anm ; matrix of coefficiets

From equations (3.3) and (3.4), the linear simultaneous
equation to solve the most reliable values are given as follows:
511X01+ 512X02+ “ea +SlmX(]m = R1 ) ’

S21Xo1+ S22Xoz+ ... +Sz Xo = Rz

................................ (3.5)

................................

Sm1X01+ Sm2X02+ PR +SmmXum = Rm
m
where, Sjk = .X (AjiAki)
i=1
m
R, = I (A,Y,) oK =1, 2, een.. ,m

i=1

In the case n in eq.(3.1), (3.2) and m in (3.1) to (3.5) are
expressed m >> n, the most reliable variables are soluble. That
means if the function Y is the measured value of static or dynamic
load in upper or lower bearing, and matrix of coefficients in
eg.(3.4) are measured variables( or parameters ), formulation of
the load is possible most reliably for any number of the
parameters.

If number of the variables or kinds of them are satisfiable

in the analysis, the calculated values from the formula will be
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well correlated with measured values of the load for any
experimental conditions.

In the practical analysis for the circulator, 260
experimental points are calculated directly from data file of the
computer disk, that means n equal to 260 in eq.(3.4).

The case of non-linear system are also analyzed for the
experimental data using similar method to the linear case,
however, it was found the results of it has no meaningful

differences.

4, RESULTS OF TEST AND ANALYSIS
4.1 TEST RESULTS

The measured values of load and test conditions are
summarized in Table 4.1 for analogue plotting of dynamic and
static loads with the figures' number. The results in air test
shown in Fig.la and 2a correspond to the data just after and
nearly six hours after begining of the test respectively. A slight
difference is found between them, it may be caused by the bearing
clearance change at stopped condition from the temperature change.

Through the Figs.3a to 7a for room temperature Helium, the
increase of pressure apparently causes a great much changes of the
static load with revolution speed. On the other hand, temperature
and differential pressure of the gas give a less influence on the
loads as shown in Figs.B8a to 11a.

The absolute value of the static load is not satisfiable
through Figs.la to 11a as described previously, however, the
relative changes of static load are measurable in satisfiable

accuracy. Therefore absolute value of the loads themselves are
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measurable in a certain accuracy and are presumable from the pre-
loading values of the spring-pivots. Because the static load
steeply rise up to the value as same as pre-loading value with the
revolution speed and thenafter it keeps, or increases, or
decreases its value. Consegquently the absolute value of static
loads are decidable from the pre-loading values.

As shown in Table 4.1, the maximum variation of the static
lcad through the test occures in the condition for fig.7a that is
room temperature and 40kg/cm? of Helium. It indicates that if the
revolution speed changes from 3500 to 7500rpm in this condition,
the static load increases from 51 to 122kgf in upper bearing and
decreases from 36 to 19kgf in lower bearing. In other words, thé
load variations in the condition are +71kgf and -17kgf in upper
and lower bearing respectively.

The fact mentioned above means that at the revolution speed
of 7500rpm, the static load in upper bearing is 71kgf at least and
probably equal to the sum of pre-loading value(39kgf) in upper
bearing and 71kgf (:110kgf), and in lower bearing, it is probably
and nearly equal to the difference of pre-loading value(40kgf) in
it and 17kgf (¥23kgf).

The dynamic load, of course, is a value produced from the
complex vibration phenomena in the rotor-bearing system. Thus the
dynamic load is affected by the condition of balancing, stiffness
of the rotor, pivot-spring and gas film in the bearings etc.. The
dynamic loads were directly plotted with the revolution speed in
Figs.1b to 11b corresponding to the conditions of Figs.la to 11a.

For the upper bearing, a small peak, the first order critical

speed appears around 6900 rpm. According to the increase of gas
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pressure or bearing stiffness, it disappears under a skirt of the
second order vibration and the dynamic load itself rises up. The
absolute value of dynamic load *n lower bearing is comparatively
small, however, it also increases with pressure of the gas from
the same reason for upper bearing.

The dynamic load in both upper and lower bearings are plotted
in Fig.12 with the static load for the conditions of Figs.3 to 11.
It shows obviously that the dynamic loads grow up with the
increase of bearing stiffness which is simply caused by gas
pressure and also by increasing of static load with gas pressure.
Consequently, the more gas density causes the more dynamic load
directly and indirectly. Therefore, the load condition in
atmospheric air remarkably differs from the condition in high
pressure and high temperature gases consequently.

Fig.24 shows an example of Lissajous' figure of the shaft
motion detected by distance sensors on upper bearing position, "DV
shape in the figure expresses the containing of second order
harmonics and a touch of whirling is felt from the double traces

of the figure.

4.2 RESULTS OF ANALYSIS

The most reliable values of correlated linear function,
X°1,X°2, cen ’x°m in eq.(3.5) are shown in Table 4.2 for the cases
of two variables and four variables are taken into account. The
normalized values of revolution speed and gas pressure are two
variables for the former case, the normalized values of
differential pressure and electric current are additional

variables for the latter case. In the analysis, both of the static
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load and the dynamic load are correlated as the function for upper
and lower bkearings.

Another combinations of the variables have been tried in the
analysis, however, it can not find out more suitable one at the
time. The correlative plots of measured values vs. calculated
values of the loads are shown through Figs.13 to 16 for the case
of two variables, and Figs. 17 to 20 show in same manner for the
case of four variables.

Correlativeness in case of the two variables is particularly
bad for the static load of lower bearing and in case of the four
variables are applied, it indicates better correlativeness for any
kind of the load. From these results, we may presume that the four
variables, - revolution speed, pressure, differential pressure and
electric current - affect the loads more or less in bearings of
this circulator.

The frequency spectral maps of shaft movement are shown in
Figs.20 and 21 for the test in Helium of 260deg, 30kg/cm?G with
diametral bearing clearance of 0.22mm at stopped condition.

Basic components and higher order harmonics of the shaft
vibration are clearly displayed and the components with nearly
half frequency of revolution speed appear above the speed of
around 9000 rpm. This indicates the whirling phenomenon occures in
those revolution speed, however, the whirling is a complicated
phenomenon and the relation to the load condition is uncertain.
Those are the facts for the time being that the initiation of the
whirling is not always at same speed and it seems that the
operating condition of the circulator gives much influences on it.

Supposing from the data and the theories on the bearing, the
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whirling must be caused by the relatively low stiffness and the
low damping factor of the bearing systems compared to those of the
liguid-lubricated bearings.

Fig.23 shows a similar spectral map analyzed from the
acceleration signal on outer casing of the circulator. It is
easier detecting the acceleration on outercasing than detection of
shaft vibration, thus detection and analysis of the acceleration
make it possible to investigate the operating conditions and
secure the circulator without special attachment of the shaft

movement sensor.

5. DISCUSSION ON RESULTS

From the results of test, it will be able to presume as

following items:

(1) As presumed previously when the circulatcr rotor is cperated
without the force perpendicular to its axis, the hydro-dynamic
forces on pads increase with the revolution speed monotonically
and isogonally until the spring-pivot initiates deformation. And
the force overcome the pre-loading value, the static load will be
kept in nearly constant value because clearances between the

journal shaft and, K pads increase with the force.

(2) When the circulator is running in connection with the high
pressure gas loop, An additional force act to the impeller from
pressure gradient around the impeller and momentum changes of gas
at inlet and outlet of the circulator. This force changes with gas

pressure or density, differential pressure, revolution speed and
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other factors.

(3) The clearance of circulator motor's rotor and stator can not
be made exactly uniform around its circumference in general, and
it changes with displacement of the spring-pivot, therefore, the
force perpendicular to rotor axis or tumbling moment is generated
by electro-magnetic force between rotor and stator. And the
electric current, which produces the electro-magnetic force,

affected by speed, gas pressure, differential pressure and other

factors.

(4) From the causes mentioned in (2) and (3), additional tumbling
moment or external force acts on the rotor when the circulator is
running in practical use. And it increases with the input power of

the circulator.

(5) Only one load sensor is equiped in both upper and lower radial
bearings in the same direction respectively. Therefore, if
component of the force vector compresses the load sensor, measured

value of static load must increase with revolution speed

monotonically.

(6) On thes contrary, if vector component of the force is reversal,
measured static load will remain nearly constant until the spring
pivot initiates deformation. After the beginning of deformation,
measured value will decrease gradually because the clearance
increases between the load sensing pad and shaft. In other word,

the shaft displaces toward spring-pivot side compressing the
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spring and away from sensor-pivot.

(7) Three pivots in a bearing are arranged rotationwise with 120
deg spaces in the order from fixed type, sensor-type and to

spring-type.

(8) When large static load is applied to a pad, rigidness of gas
film adjacent to the pad must increase because of pressure
increasing in the clearance. Thus a large dynamic load will ke
observed for the same balancing conditions at the pad where large

static load is applied.

{9) The electric current is affected by circulator speed, gas
pressure, differential pressure etc., however, it is found that
the measured static and dynamic load are correlatable only in the
case that current itself is dealt as one of the variables.

This means the current itself affects with static load and
dynamic load finally. Consequently, it should be understood that
magnetic force in the ciculator is one of important factors as

same as the force from gas to the impeller for condition of the

loads.

6. CONCLUSION AND RECOMMENDATIONS ON DESIGN CRITERIA

The spring-pivots in both upper and lower journal bearing
must be intended to keep the static load in constant and high
value. And it causes high stiffness and high load capacity in the
bearings. The constant and high stiffness of the gas film make it

possible to operate the circulator in stable conditions for whole
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range of the operating speed.

From the reason above, the effectiveness »of spring-pivots is
most important and the special feature of this type circulator.
Therefore if the effectiveness of the spring-pivot is out of
expectance, the circulator will not be operated in stable
conditions.

As described in the preceding chapter, the force act to the
circulator impeller from the momentum chanje of working gas and
pressure gradient across the impeller, the electro-magnetic force
also acts to the motor-rotor horizontally or in tumbling manner.
These force or moment causes unequal forces to the each pads in
both upper and lower journal bearings, consequently it makes too
much and too small displacements of spring-pivots in the two
journal bearings respectively.

As to the dynamic load in the journal bearing, we must know
that the dynamic load which is measured for only one pad in the
each bearing will not same for three pads in the bearing except
the case of very low power operation. If the static load is so
large and non-isogonal by the force or moment described above and
the vector component of it directs to the spring-pivot, the
journal shaft will supported under the relatively low stiffness
condition because stiffness of the spring-pivot is much lower than
it of the gas film. Thus the journal shaft will be kept in the
fluffy condition and unequality of the dynamic load also becomes
so large as proportional to the value of static load as
understanding from Fig.12.

The unequality of the dynamic load causes the force vector

component which rotates and changes absolute value in the rotor.
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According to this force vector, the motion of the rotor also makes
additional force vector component of gyro-effect which is
proportional to the velocity of motion and rotating speed and is
perpendicular to the motion.

Resulting from these force components and fluffy suporting,
the rotor falls into the unstable condition and tends to Vvibrate
divergently.

Generally speaking, non-steady and non-linear system of the
dynamic load in the above case makes it possible to generate the
instability of the rotor.

As understanding from above descriptions, the basic problems
are non-uniformity of static load which caused from external
forces and low stiffness of the spring-pivot. Therefore we must
realize following improvements basically to prevent the
instability of the rotor:

(1) Cancelling or decreasing of external force to the roctor.
(2) Increasing the stiffness of spring-pivots.

(3) Increasing the damping factor of spring-pivots.

Substantiating the basic criteria mentioned above, we may
offer the following methods respectively:

(1) Decreasing or cancelling the external force due to the
momentum changes and pressure gradient of gas, it will be very
effective to eguip two stage impeller and casing which have the
inlet or the outlet nozzles in inverse direction each another.
And it will be also effective that we set the rotor in the
position where it is not always the geometrical center of the

motor stator but the position where the magnetic forces are

- 17
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balanced all directionally.

(2) It is rather difficult to increase stiffness of the spring-
pivot simplly because if spring constant of the springs are
increased, it makes impossible to keep the static lcocad in the
nearly constant value. Therefore we should design the most
suitable spring based on the consideration of static load-
keeping and stiffness for the vibration.

(3) It will be most effective way to increase damping factor of
the spring-pivot and the present author has designed the special

pivot for this purpose.

As described above, it should be re-discussed with
effectiveness of the spring-pivot and also with meanings of the
balancing techniques in the condition of free air or no impeller.
We must be careful that the practical operating loads differ from
the balancing condition which is traditionally carried out in free
air.

The pressure gradient around the impeller is comparativelly
large for the regenerative type impller, thus we must be more
careful of that the tumbling moment of this type become larger
than another type circulators.

It must have close relations with above descriptions that the
twice troubles had occured in the circulator(B,;) which has a
single stage regenerative type impeller. Therefore we should make
more investigations on the troubles to ensure and verify
reliability and capability of the circulator not only for the
Helium-loop but also for a nuclear reactor use. This circulator

tends to occure the "whirling" even at present in the operating

18
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condition around 9C00 rpm. { see Figs 21, 22 )
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Fig.1b Dynamic Load in Air just after Begining of Test
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Fig.2b Dynamic Load in Air after 6 Hours of Begining
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Fig.11b Dynamic Load in Helium of 178deg, 40kg/cm’c
( 8p=1.28kg/cm® at 75C0rpm )
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Table 4.1 Test Conditions for Static and
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86-066

Dvnamic Loads at Specified Speed

STATIC LOAD (kef) | D.L0AD(kef)

Fig. |Gas | Temp. | Pressure | Dif.Press.
No. (deg) | (kg/ [(kg/em®)ll  UPPER LOWER | UP. | Loy,

ca?G)

‘ 7500 | 3500 | 7500 | 3500 | 7500 | 7300
oW [ rpm | rpm | rpm | rpm| rpm
la,b | air| R.T. - - 60 | a7 | aa | 47 ]18.5|11.0
2a.b | air| R.T. - 5 a6 | 13 | 43 [13.6] 9.1
3a.b | He 27 5.4 0.256 59 | 47 | 43 | 26 |10.8] 6.3
f.b | He 27 10.0 0.429 68 | 43 | 41 | 46 |10.7| 5.8
Sa.b | He 27 20.0 0.694 8L | 43 | 29 | 33 |13.4] 1.8
Ba,b | He 27 30.0 0.955 102 | a7 | 23 | 37 {12.9] 3.2
7a.b | He 27 40.0 1.18 122 { 5t | 19 | 36 |16.0} 1.6
8a.b | Ke | 300 0.0 0.779 36 | 33 27| 35 |12.9] 3.1
%a.b | He | 178 40.0 0.831 97 | 20 | 26 | 37 |13.1] 3.4
10a,b | He | 173 40.0 1.13 95 | 41 | 26 | 36 |11.2] 3.2
lla,b | He | 178 40.0 1.28 97 | 4 | 24 | 36 |10.8] 2.8
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Table 4.2 Correlated Linear Coefficients for Bearing Loads

FUNCTION CREFFICIENTS FOR NORMALIZED VARTABLES
( L0AD )

speed(rpm) current(d) pressure ¥V dif. press

(kg®) / 120G0 / 300 (MPa) 7 1.0 [ (MPa) 7/ 0.2

dynamic 26.70 -19.82 -1.221 15.24
(upper)
dynamic 9.938 -0.4380 -0.3411 -3.G672
(lower)
siatic 39.57 45.35 7.594 73.79
(upper)
static 0.08453 91.81 -1.547 -62.10
(lower)

*) guage pressure
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APPENDIX

SOURCE DATA OF TEST ON B, CIRCULATOR

DATE OF TEST: NOVEMBER 20-22, 1985

Symbols in List

SPEED : Revolution Speed (rpm)

CURRE : Electric Current (3)

Tg-in : Inlet Helium Temperature (deg-C)
PRESS : Helium Pressure (kg/cm?G)

DIF.P : Differential Pressure (kg/cm?)
D.FORu : Dynamic Load of Upper Bearing (kgf)
D.FORl : Dynamic Load of Lower Bearing (kgf)
S.FORu : Static Load of Upper Bearing (kgf)
S.FOR1 : sStatic Load of Lower Bearing (kgf)
FLOW : Flow Rate of Helium (kg/s)

Tgout : Outlet Helium Temperature (deg-C)
Tmot : Temperature of Motor Winding (deg-C)
Tj.lo : Temperature of Lower Journal Bearing Pad (deg-C)

Tj.up : Temperature of Upper Journal Bearing Pad (deg-C)
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in PRESS DIF.P D,FORuw D.FOR! S.FORu S.FORI

SPEED CURRE  Tg-ti
{(deg) (atg) (ata’) (kgf)> (kgf) (kgf) (kgf)

(rpm) (2D

3157.0 116,90 13.9 9.8 .06 .37 1.94 34,27 33.63
3272.5 116.0 13.5 9.8 06 .68 2.32 25.10 33.472
3993.5 t13.1 13.9 3.8 .10 1.02 2.28 32.79 33.77
4700.5 118.8 13.9 9.8 .14 1.39 3.43 47,75 35.92
5413.0 121.1 13.9 9.8 .19 2.46 4.44 45,64 33.82
6630.5 122.2 14,2 9.7 .24 4,06 5.39 43.92 23,41
E681.5 125.1 13.7 9.7 .29 6.82 5.79 52.72 22.54
7350.0 127.4 13.9 9.6 .25 6.52 5.35 57.09 31.44
8043.0 132.0 14.2 9.b A2 15.27 5.46 £51.50 28.80
g127.0 131.5 13.6 9.6 43 16.12 5.42 62.07 28.29
7665.0 127.7 13.8 9.6 .38 11.29 4,381 53.46 29.47
6937.0 125.5 14.2 9.6 3 7.18 5.32 54,35 30.82
6219.5 121.7 13.6 9.7 .2 5.07 4,91 50.52 31.85
5505.5 120.4 13.6 9.7 .20 2.97 4,286 47 .39 2.57
4777.5 118.0 13.5 9.7 .15 1.79 3.51 44 .54 32.62
4042.5 117.9 13.9 9.8 .10 1.13 2.37 40,25 32.08
3262.0 114.8 14.0 9.9 .06 .36 2.23 36.38 31.02
3146.5 116.5 13.8 9.9 .06 74 1.97 36.17 321.59
s150.0 117.8 15,1 19,7 A1 .67 2.03 33.78 32.18
3351.5 118.7 15.7 19.7 .13 .98 2.23 40.60 3.56
4102.0 122.0 15.4 19.6 20 1.06 2.18 44,65 32.869
4840.5 125.4 15.7 19,6 .28 1.73 2.91 43,93 31.85
5505.5 130.7 15.7 19.6 .3 2.69 3.63 56.22 31.06
6139.0 133.3 15.2 19.5 46 4,34 4,53 63.25 29.67
6304.0 140.2 15.4 19.5 .56 7.18 5.01 70.80 27.77
7458.5 148.4 15.7 19.5 .67 10.56 4,33 79.05 25.78
7899.5 155.2 15.7 19.4 .76 16.20 3.93 34,43 22.38
7896.0 155.0 15.7 19.4 .76 15.83 3.99 84.53 22.05
7409.5 147.6 16.0 19.5 .68 10.62 4.04 79.01 24.15
B692.0 138.7 15.7 18.5 .56 6.96 4,64 70.06 26.78
5967.5 131.3 15.7 19.6 44 4,26 4,07 62.97 28.75
5243.0 126.5 15.9 19.6 .34 2.50 3.54 56.16 29.81
4536.0 122.6 15,8 19.7 .25 1.55 2.94 49,53 30.47
3794.0 119.5 16.3 19.7 A7 1.04 1.85 43,65 30.80
3157.0 117.3 16.3 19.7 L1 .81 1.92 38.99 30.62
3157.0 117.8 15.9 19.7 2 71 2.06 35.89 30.95
3153.5 118.2 17.7 29.8 1 .86 1.88 41.09 31.49
3150.0 118.23 17.2 29.9 11 .84 1.91 41.09 31.49
3636.5 119.8 17.7 29.9 16 1.02 1.49 45,50 33.04
4350.5 124.8 17.8 29.9 .23 1.31 2.54 51.21 31.16
5075.0 128.3 17.7 29.7 .32 2.03 3.10 58.54 30.13
5736.5 134.7 17.8 29.6 .41 3.26 3.84 66.94 28.73
£356.0 141.3 17.7 29.5 .51 5.16 4,57 75.44 26.64
7007.0 151.8 17.7 29.5 61 7.21 4,49 84.87 24,20
7700.0 163.4 18.3 29.4 75 14,57 3.41 95.57 20,38
7805.,0 165.0 18.6 2S.4 77 16.28 3,11 97.3% 19,183
7312.0 164.9 1S.4 23.4 .76 16.22 3.04 97.29 19,30
7668.5 162.0 18.7 2S8.4 40 14,26 3.24 95.43 19.74
6947 .5 148.8 20.1 29.5 .62 7.19 4.3 24,24 23.28
6237.0 13%.4 26.7 298.5% .49 5.32 4,16 74,19 25.80
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JAERI-M 86-066
PRESS
(atg) (ata)
39.9 1.904
39.9 1.19
3.3 1.19
39.9 1.17
39.9 .97
39.9 .79
38.5 .62
358.9 A7
39.9 .35
39.9 .23
40.0 A7
40.0 A7
39.9 .20
39.9 24
39.9 .36
39.9 .51
39.9 .66
40,0 .82
40,0 1.00
40,0 1.21
339.9 1.43
38.9 1.43
33.9 1.26
39,9 1.03
39.9 .83
39.9 .65
40.0 48
40.0 .34
40.0 .21
39.9 .20
29.8 .09
29.9 .09
30.0 14
30.0 .20
29.9 a7
29.8 .34
29.7 A2
29.7 .51
29.7 .61
29.7 .61
29.7 .54
29.8 .45
29.8 .36
29.8 .28
23.8 .20
29.9 4
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29.9 .09
19.9 .06
19.9 .08
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JAERI-NM  86-066

W

No SPEED CURRE  Tg-in PRESS DIF.P D.FORu D.FOR1 S.FORu

(rpm) (A (deg) (atg) (ata> (kgf) (kgf) (iagf) kgt

151 4270.0 119.2 197.1 19.9 Az 1.2 2.76 39.73 32.
152 4991.0 121.2 197.2 19.8 .16 2.05 5.49 43.3 32.
153 5649.0 122.0 197.1 19.8 21 3.23 4,61 47,30 32.
154 6293.0 124.4 196.7 19.8 .26 5.13 5.22 52.73 3
155 6347.5 127.6 196.4 19.7 .32 6.93 5.78 57.398 29.
156 7612.5 132.1 196.1 19.7 .38 10.96 5.08 £3.71 27.8
157 8141.0 135.2 196.1 19.7 A4 16,28 S5.44 67.20 25.
158 8137.5 135.4 196.1 19.7 44 16,10 5.60 67.21 25.
159 7864.5 132.2 196.3 19.7 42 132,59 5.31 65.23 25.
160 7150.5 128.0 196.3 19.7 .35 7.90 4,96 59.31 28.
161 6429.5 123.7 196.3 19.7 .28 5.92 4,99 54,24 29.
162 5708.5 121.3 195.9 19.7 .22 3.61 4,37 50.66 31,
163 4980.5 1.8 196.3 19.8 7 2.32 3.34 47 .44 31.
164 4259.5 118.3 195.9 19.8 12 1.36 2.66 2.10 31.
165 3475.5 116.3 196.3 19.9 .08 1.33 2.66 37.71 30.
166 2157.0 116.5 196.3 19.8 06 74 2.44 35.54 31,
167 3157.0 116.3 196.1 9.8 .03 .90 2.26 28.85 31.
163 3164.0 115.9 195.8 9.9 .03 .80 2.18 28.65 31,
165 3815.0 116.6 196.5 9.9 .05 .90 1.93 33.02 34.
170 4543.0 117.3 196.6 9.9 .07 1.46 3.09 35.77 33.
171 5257.0 117.5 186.7 3.9 .10 2.53 4,31 38.23 34,
172 5897.5 118.6 197.5 9.8 12 3.71 5.54 40.94 34.
173 6527.5 119.5 197.5 9.8 .15 5.81 6.43 43.82 33.
174 7192.5 121.5 187.1 9.8 .18 7.04 5.84 46.82 32.
175 7889.0 122.0 196.4 9.7 .22 11,16 .39 50.60 30.8
176 85839.0 123.8 196.1 9.7 .26 16.19 6.14 53.08 29.
177 8592.5 124.4 195.5 9.7 27 16.42 5.91 53.08 29.
178 8494.5 123.8 195.8 9.7 .26 15.66 6.06 52.59 29.
179 7763.0 120.7 196.0 9.8 .22 10.54 5.57 49,81 30.
180 7045.5 119.3 196.5 9.8 .18 6.76 5.31 46.77 3
131 6321.0 119.3 196.5 9.9 .15 5.59 5.35 44,25 32.
182 5596.5 117.3 196.7 9.3 11 3.56 4,51 42 .24 33.
183 4386.0 117.2 196.3 9.9 .09 2.12 3.70 40.26 33.
184 4172.0 115.7 196.1 9.8 .06 1.26 2.66 38.30 2.
185 3356.5 115.5 195.5% 9.9 .04 1.07 2.64 35.74 30.
166 3153.5 115.8 195.3 9.8 .03 .88 2.29 32.49 31.
187 3160.5 115.6 276.8 9.9 .02 .81 2.26 27 .16 31.
188 3652.5 115.5 275.6 9.9 .03 .84 1.94 29.72 33.
189 4399.5 116.5 275.9 9.9 .06 1.47 2.385 33.11 33.1
190 5120.5 117.2 276.2 9.9 .08 2.36 3.70 35.70 33.
191 5782.0 118.1 276.6 9.8 .10 3.61 5.07 38.33 34,
192 6412.0 118.8 277.7 9.8 .13 5.41 5.86 41.04 33.
193 7080.5 113.4 278.3 9.8 .15 6.44 5.62 43.65 32.
194 7766.5 120.9 279.5 9.8 .19 9.46 6.26 47 .00 31.
15 8470.0 122.3 280.6 9.8 22 13.81 6.69 49.76 29.
196 8771.0 123.1 282.0 9.8 .24 15.83 5.57 51.14 29.
197 3316.0 121.1 282.8 9.8 20 13,22 6.49 49.12 29.
198 7591.5 120.2 283.5 9.8 .18 8.95 5.78 4t .91 31.
199 6367.0 118.6 283.8 9.8 4 6.32 5.47 44 .41 32,
200 6160.0 117.5 284.3 9.8 2 5.14 5.25 2.44 3z

,57 -
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JAERI-A 86-066

Na SPEED CURRE Tg-in PRESS DIF.P D.FORuw D.FOR! S.FORu S.FOR!
(rpm) (A) (deg) (atg> (ata) (kgf) (kgfy (kgf) (kgf)

251 7927.5 1%0.0 291.8 39.6 .58 16.46 3.24 32.80 21.00
252 7626.5 145.5 291.5 39.7 .54 13,46 3.63 30.00 21.84
253 68395.0 137.5 291.0 39.7 L4y 7.74 4,22 71.37 24,60
254 6195.0 131.2 290.3 39.8 .35 5.36 3.94 63.53 2a.74
255 5470.5 125.4 289.83 39.8 .28 3.38 3.2 56.81 28.26
256 4742.5 122.5 289.0 39.8 .20 2.21 2.71 50.02 29.83
257 4007.5 119.5 288.4 39.9 4 1.26 1.82 42,33 30.16
258 3216.5 117.0 287.7 38.9 .09 .98 2.18 33.53 28.65
259 3150.0 117.3 286.7 39.9 .08 .31 2.06 32.33 29.42
260 3157.0 117.4 285.8 39.9 .08 75 2.11 32.3 29.64
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JAERI-NM 86-066

No FLOW Tgout Tmot Tjy.lo Tj.up D.FORw D.FOR!I S.FORu
(kg/s)> (deqg) (degq) (deg) (deg) (kgt) <(kgf) (kaf)
1 .035 6.1 21.8 19.4 17.4 .87 1.94 24,
2 .Dg9e 15.7 21.8 17.5 18.5 .68 2.32 35,
3 122 16.0 19.0 17.3 15.4 1.02 2.23 33.
4 144 16.8 21.8 19.4 14.7 1.39 3.43 47,
5 .168 17.89 21.1 17.9 18.0 2.46 4,44 45,
& .186 19.4 21.5 19.4 18.3 4.06 5.39 8.
7 .207 20.3 18.9 19.2 21.3 6.82 5.79 52,
8 .229 22.2 19.0 20.7 16.0 8.52 5.35% 57.
3 .251 24.4 20.3 21.0 15,6 15,27 5.46 61,
10 .255 25.6 25.0 20.5 16.2 16.12 S.42 62.
Tt .240 26.9 25.8 22.1 17.3 11.29 4.31 59,
12 .218 26.1 20.6 2.5 16.9 7.18 5.32 54
13 .194 25.0 23.8 21.6 21.6 5.07 4.91 5
14 171 23.1 23.8 20.5 22.0 2.97 4,26 47
15,150 22.2 25.8 20.3 24,1 1.79 3.5 44
16 .128 20.7 20.7 20.3 23.3 1.13 2.3 40
17 .100 19.9 23.5 21.6 19.3 .86 2.28 3
18 .096 19.3 24.0 21.0 20.6 74 1.97 3
19,182 17.7 20.6 19.5 18.6 .67 2.03 38.
20 .195 17.9 21.1 19.0 18.4 .98 2.23 40
Z .240 18.3 19.7 19.4 20.3 1.06 2.18 44
22 .28 19.0 19.0 20.1 14.1 1.73 2.91 49
23 .329 20.5 20.1 19.4 21.0 2.69 3.63 56
24  .369 21.7 20.7 19.6 19.4 4.34 4.53 €3
25  .409 23.3 19.7 19.7 16.6 7.18 5.01 70
26 .451 25.2 23.7 21.1 23.8 10.56 4,33 793
27 .480 7.0 20.1 20.5 17.3 16,20 3.93 84
28  .479 28.5 26.6 22.6 26.0 15.83 3.95 84
29 .451 28.8 19.4 21.5 16.8 10.82 4.04 79
30 .406 27.3 22.2 22.2 21.8 6.96 4.64 70
31 .359 25.8 241 2.6 21.5 4,26 4,07 62
32 .314 24.7 24.0 22.9 24 .4 2.50 3.54 56
3 .269 23.1 25.7 21.6 16.2 .55 2.94 49
34 ,224 22.1 22.9 21.8 20.3 1.04 1.85 3
3 181 20.7 24,0 22.1 20.6 .81 1.92 38,
36 161 20.0 23.9 21.3 13.6 71 2.06 38,
37 111 18.9 20.9 18.9 18.1 .36 1.88 41
36 .110 18.7 20.6 19.1 18.7 .84 1.91 1
39 132 13.9 19.6 18.5 21.8 1.02 1.49 45
40 161 19.7 17.8 19.7 14,5 1.31 2.54 51
41 192 20.3 20.9 13.8 15.8 2.03 3.10 58
42 220 21.0 21.4 20.0 19.7 3.26 3.84 66
43 .247 2.0 20.3 19.9 20.3 5.16 4,57 75
44 277 23.5 24.6 18.4 24,1 7.21 4.49 84
45 .303 24.8 27.3 22.2 15.5 14,57 3.41 95
46,309 26.2 19.0 20.8 1.1 16.28 3.11 97
47  .3089 27.3 19.4 211 18.9 16.22 2.04 97.
48 .303 27.7 21.8 21.8 25.0 14.26 3.24 95.
49  .272 27.3 20.3 24,4 18.5 7.13 4.39 34
50 .242 26.8 25.0 23.9 21.5 5.32 4.16 74
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.227
. 269
.2093
.346
.383
L4208
.453
.452
L4326
.336
.354
.312
.270
.229
. 184
.164
.089
.088
105
127
. 146
.165
.185
.204
.225
.245
.24€
.242
223
201
.180
.158
137
116
.093
085
.073
.086
.104
.124
140
.156
174
. 191
.208
217
. 206
.187
.168
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205,
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195.
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202.
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(kgf)
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Ti.lo
(deg) (deg)
26.0 28.7
25.5 27.0
25.3 23.5
25.5 26.7
26.7 26.0
27.9 26.0
26.7 29.0
27.6 26.2
29.9 32.8
28.1 25.5
30.3 29.6
29.9 2.8
29.2 24.8
31.0 32.1
30.3 30.7
29.2 28.1
25.3 24.8
25.0 24.7
23.9 24,7
24,1 20.8
25.8 25.5
25.3 25.3
25.7 23.5
26.7 27.1
27.5 30.5
27.5 26.4
27.0 25.7
28.7 26.1
29.6 24,2
28.7 28.0
29.0 27.3
28.5 30.4
29.2 32.2
29.0 31.2
29.2 25.2
28.6 25.7
28.4 27.3
27 .4 28.2
28.2 28.9
27.0 25.3
27 .4 26.3
28.3 26.4
29.3 26.7
30.0 24.6
29.8 27.7
29.3 30.2
29.7 30.7
9 .6
9 A
4 .2
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.99
.37
.34
.66
.66
44
.26
.18
.93
.08
.31
.54
.09
.84
.39
.14
.91
.0b
.57
.31
.35
.51
.70
.66
.64
.29
.26
.94
.85
.70
.07
.86
.62
.26
.69
.57
.49
.78
.47
.25

ikgf)

39.

[

80

47
52.
57
657
67
65.
59.
54
50
47,

42,

37.

35.

28

28.

2

35
38.
40.
43,

46.
.60
.08

50

¢
J

53.

52.

49,
46
44,
42.
40

35.

32.
.16
29.

33.

35.

38.

43,
47
49,
51
49,
46 .
44,
42,

3

31

2

.98
63.
.20
.21

21

23
51

.24
.66

44
10
71
54

.85

85

.02
77

23
94
32
82

03
59
81

A7

25
24

.25
38.

30
74
49

<
11
70
33

.04

65

.00

76

14

12
p

41
44



No

201
202
203
204
205
206
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.133
114
.096
.075
074
142
143
.154
.183
.225
.259
.29
.322
.355
. 388
.336
.367
.3238
.294
.258
.222
.187
. 146
41
.209
.248
.301
.354
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446
.496
.543
.565
.564
512
461
.410
.357
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.252
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.01
.92
.23
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7
.83
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1
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.88
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.89
.36
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7
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42
33

03

25
37
70
77
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