
account of wide use and application. The right photograph is for 
oscillating test. In this test, the test rig without motor can be 
excited by the vibrator. 

Fig.15 shows one example of measured vibrations at oscillating 
test. The test rig was oscillated sweepingly from 4 Hz to 40 Hz to 
the horizontal direction like the left figure, and its behaviours were 
measured at many points of test rig like the right figure. When com
paring with both figures, it is evident that the rotor well obeys to 
the bearing housing so the amplitude of its vibration is enough small. 

As the complicated analysis have been carried out just now, the 
detailed reports will be presented in a near future. 
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Fig. 1 5 Example of measured vibrations at oscillating test 

5. - Cenc-luslons-
It is not too much to say that the key technology of the helium 

circulacor of high temperature gas reactor is the selection of 
bearinj. Therefore, three types of bearing have been researched and 
developed for ten years-namely water lubricated bearing gas lubri
cated bearing and magnetic bearing. Water lubricated bearing and gas 
lubricated bearing have been employed in some machines and are now 
operating successfully. Magnetic bearing is now being studied to 
improve its weak points. 

From these widely systematic studies, we have been establishing 
the technology of bearings to apply them to the helium circulator and 
other high speed turbo machines. 
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Abstract 

The large scale helium gas test facility (HENDEL) has been constructed 
and operated since March 1982 at Japan Atomic Energy Research Institute to 
develop HTGR components. The five electric driven gas circulators with 
dynamic gas bearings are used to circulate the helium gas of IMPa and 400*0 in 
loops for their compactness, gas tightness, easy maintenance and free from gas 
contamination. All of these circulators are variable speed type of 3,000 to 
12,000rpm and have same gas bearings and electric motors. The four machines 
among them are equiped centrifugal impeller and one another machines has 
regenerative type, and the weight of both type rotors are nearly same. 

The centrifugal type gas circulators except one machine which installed 
later have been operated more than 6,700 hours without romarkable troubles, 
however, another one regenerative circulator was encountered bearing troubles 
twice through its over 8,400 hours operation. 

After the troubles and repairing, the both type circulators were tested 
and the vibrition characteristics were measured as the preventing 
maintenance. From the test and measurements of the circulators, it was 
presumed that the first trouble on regenerative type was caused from excess 
unbalance force by falling off of a small pin from the rotating part and the 
second severe trouble on it was caused by the whipping in gas bearing. The 
static load on tilting pads indicated close relations to occurance of the 
whirling through the measurements. It is recognized that fine balancing of 
the rotors and delicoce clearance adjustment of the bearings are very 
important for the rotor stability and that the mechanism should be designed 
and machined so precise as to be adjustable. 

As the gas bearing would be damaged in instantaneously short time, the 
monitoring technique for it should be so fast and predictive as to prevent the 
serious damage. Through the tests, the vibration spectrum monitoring method 
seems to be predictive and useful for early detection of the shaft instability. 

It will be concluded that the gas bearing machine is excellent system in 
its design philosophy, however, it also needs highly precise machining and 
delicate maintenance technique. 



1. INTRODUCTION 

The large scale helium gas test facility MENDEL (Helium Engineering 
Demonstration Loop) was constructed at Japan Atomic Energy Research 
Institute in March 1982 and is being operated to develop HTGR components. 

In designing this facility it was decided to use electric driven 
circulators with dynamic gas-bearings by reason of their compactness, gas 

" " tightness, easy maintenance and free from contamination. It was also 
decided that two centrifugal type circulators connected in series as a 
circulator set would be used for the larger two loops of the facility and a 
regenerative circulator for the smaller loop. 

The centrifugal and the regenerative circulators have been operated 
more than 6,700hours and 8,400hours respectively by September 1987 except a 
centrifugal circulator which was installed later. No significant trouble 
is experienced on the centrifugal circulators but troubles have happened 
twice on the journal bearing of the regenerative circulator. The first 
trouble was very simple but the second one, being considerably serious, was 
thought to be caused from the unstable vibration of the journal shaft. 

The monitoring system on the shaft vibration was proposed and tested to 
prevent those trouble, it was proven to be effective and reliable through 

- - the operation test. 
The present paper mainly reports the vibration characteristics relating 

to shaft instability and the operation experience on the circulators. 

2. DESCRIPTION OF FACILITY AND CIRCULATORS 

The facility consists of two larger loops and a smaller loop and has 
electric heaters with a maximum total capacity of about 15MW to heat helium 
gas up to 1,000°C and has five gas circulators in total to circulate helium 
in the individual loops. The nominal flow rate are 4kg/s and 0.4kg/s for 
the larger two loops and the smaller one respectively in gas pressure of 
4MPa. 

Main specifications and sectional view of the both type circulators are 
shown in Table 1 and Figs.l to 2 respectively. Since the circulators use 
the quite same bearing systems and driving motors for both types, weight of 
the rotating part of both types are nearly same. 

The rotating part is supported by the journal bearings at both end of 
the motor rotor and the thrust bearing at the bottom portion. The journal 
bearing which is same in type and size for upper and lower side consists of 
three pads, screw mounted two solid pivots and a spring-loaded one. The 
surface of journal sleeves are hard-faced and are finished in complete 
mirror condition. The gimbal mechanism allows the thrust bearing assembly 
to follow with the thrust collar of the rotor, the thrust bearing assembly 
has six fan-shaped pads and three pairs of them with two pads are placed on 
the fixed pivots of three swinging arms. 

The all components including electric motor, rotating parts and 
149 bearings are mounted in the stainless steel made pressure vessel with water 

Table 1. Main specifications of helium circulators 

Type Regenerative Centrifugal 

Fluid Helium Helium 

Rotor Speed 3,000 - 12,000 rpm 3,000 - 12,000 rpm 

Max. Gas Press. 4.5 MPa 4.5 MPa 

Max. Gas Temp. 400 °C 400 °C 

Nominal F. Rate 0.4 kg/s 4.0 kg/s 
(at 400°C, 4MPa) (9.4 m'/min) (94 m'/min) 

Nominal Head 2.0 kg/cm2 1.0 kg/cm2 

(at 400°C, 4MPa) (6780 m) (3390 m) 

Journal Bearing 3 segments, 3 segments, 
tilting pad tilting pad 

Thrust Bearing 6 segments, 6 segments, 

tilting pad tilting pad 

Motor Type 2 poles, 3 phases 2 poles, 3 phases 

Voltage 100 - 440 volt 100 - 440 volt 

Frequency 50 - 220 Hz 50 - 220 Hz 

Output 119 kw max. 238 kw max. 

Rotor Weight = 140 kg = 140 kg 

Total Weight =1390 kg =1400 kg 
cooling jacket. Since all of these circulators are operated in the range 
of 3,000 to 12,000rpm, three variable-frequency power units with 50 to 220Hz 
feed to the two groups of centrifugal circulators and the regenerative one 
individually. Two larger units of them are variable speed irotor-
generators and a smaller one uses semi-conductor devices or thyristers. 

3. BEARING TROUBLES 

The regenerative type helium circulator was failed on April 1984, it 
had been operated so far since March 1982 for about 3,000hours in total. 
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F1g.1 Sectional View of Regenerative Circulator 
(by courtesy of ALSTHOM RATEAU Co., France) 

Flg.2 Sectional View of Centrifugal Clrcurator 
(by courtesy of ALSTHOM RATEAU Co., France) 



The circulator, being removed from the loop, was partly disassembled on 
site to examine, considerable amount of metal powder aid a small steel pin 
were found through the examination. It is clear that the small pin being 
only 6gram weighty had caused about 60kg excess unbalance force in maximum 
by the centrifugal acceleration for considerably long time and made it 
impossible to keep gas film between the lower journal bearing and the shaft. 

Vibrational characteristics of the circulator was measured before 
repairing to compare them after the restitution in limitted speed range for 
fear of exacerbation of the damage. 

The measurement were also carried out after the repair in the same way 
at the site and any abnormality could not be found. 

Besides the trouble mentioned above, this circulator failed on November 
1984 again by several ten hours operation after the first restitution. 
The trouble, damage of journal bearing, had occured in instantaneously short 
time at the rotating speed of about 9,000rpm and was detected by a over-load 
cut off of the power circuit. 

The damaged circulator, being removed from the loop, was disassembled 
on site, the upper journal shaft and the bearing pads including the pivots 
were found to be damaged seriously and so sticked that the rotating part 
could not be turned at all. 

4. EXAMINATION ANO MEASUREMENT 

4.1 FIRST EXAMINATION ON REGENERATIVE CIRCULATOR 

After the cause of trouble was affirmed as presumed, the lower bearing 
pads were examined and were found to be weared in whole surfaces and galled. 

The maximum depth of galling was 10 to 20um, however, the value of 
wearing could not be measured because the initial data were not available. 

The shaft sleeve and the lining of pads for lower bearing were renewed 
and remachined to keep the preloading factor in design value. 

Vibrational characteristics were measured on inner casing of the 
circulator in both failed and recovered condition using the piezo-
accelometers which was located at both upper and lower journal bearing 
levels. The vibrational signals were recorded and transformed into 
frequency domain spectra using Hewlett-Packard 5423A dynamic signal 
analyzer. The spectral maps composed from frequency domain data are shown 
in Figs.3 and 4 corresponding to failed and recovered condition 
respectively. The measuring conditions are as shown in the figures, base 
level of the spectral lines show the rotating speed indicated on the 
vertical axis. The height of peaks from the base level are proportional 
to the logarithmic acceleration intensity and are drawn in the same scale 
for both figures. 

While the white noise is observed in the failed condition shown in 
Fig.3, the recovered condition in Fig.4 shows clear peaks which correspond 
to the rotating frequencies with higher harmonics and the induced noise from 
50 Hz source line. 
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152 An irregularity will be observed in Fig.4 nearly 10,300rpm(=l72rps) at 
about 85Hz, however, it was thought to be due to a noise because such 
irregularity did not always appear at that time. Looking back the 
irregularity whose frequency is nearly equal to one half of the rotating 
frequency, it must be a half-speed whirling but we let it pass with 
carelessness. The scond time bearing trouble might be prevented if we 
were conscious of this irregularity. 

4.2 SECOND EXAMINATION ON REGENERATIVE CIRCULATOR 

Through the examination after the second trouble, the upper journal 
bearing and the shaft were found to be damaged considerably including the 
pivots for the pads, however^ t^e lower bearing and -the shaft remained in 

- - - -normal condition. No remarkable change was found in s'-.-aightness and 
eccentricity of the rotating part from the data at newly manufactured. 

The upper journal sleeve and lining of pads were renewed and remachined 
so that the rotor was dynamically balanced less than 0.2gram at both upper 
and lower journal surface of 80mm radius which corresponds to one tenth or 
less of former value. Straightness and roughness of the journal sleeve 
surfaces were finished into less than lum and 2um respectively and into 5um 
and lOum for those of the pad. 

The vibrational and loading characteristics of the repaired circulator 
were measured in free air and in connection with the helium loop. When 
the measurement was conducted in free air, the circulator was operated with 
naked impeller, therefore, the aerodynamic reaction force was not provided 
perpendicularly to the journal shaft, however, it must be provided in the 
operation connected with helium loop. The measurements were conducted 
employing cross directional two shaft displacement sensors directed to the 
upper journal end besides the instrumented pivots and measuring instruments. 

The aerodynamic forces to the pads were measured as time-averaged value 
and amplitude which were separated electrically as direct current and 
alternating current, let us call them static force and dynamic force 
hereinafter. Those forces measured in helium loop in the same direction 
are shown in Fig.5 on upper and lower bearings with rotating speed. 

The vibration mode of the rotor was observed plotting the vector locus 
of the sahft displacement. 

The shaft displacement was also measured transforming the signal into 
frequency domain spectra as shown in Fig.6. Measuring conditions of this 
figure correspond to those of Fig.5, the base level of each spectral lines 
indicate the rotating speed and the height of peaks from the base level are 
linearly proportional to the displacement. The calibration level in the 
figure should be used to measure the height of peaks. 

A steep increase was observed on the dynamic force and the static force 
- - of lower journal bearing at rotor speed of nearly 10,400rpm as shown in 

Fig.5. This must be caused by whirling motion of the shaft and the peaks 
at the half-frequencies of rotor speed of nearly 10,400rpm in Fig.6 prove 
this phenomena a half-speed whirling correspondingly. 
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Fig.5 Static and Dynamic forces of Regenerative Circulator 
to Upper and Lower Bearing Pads in the Same Direction 
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The pressure rise around the regenerative type impeller is almost 
linear with its periphery, therefore, the force component(Fx) is caused by 
the pressure gradient perpendicularly to the shaft axis. The azimuth(a) 
between this force component and the line perpendicular to the center line 
of inlet and outlet nozzle is estimated about 25 degree as shown in Fig.7. 

This force(F x) was calculated from the static forces Fi and F2 measured at 
the two pads and are plotted for the various conditions in Fig.7. 

It is clear from Fig. 7 the force depends to the pressure rise only and 
is linearly proportional to it. This will mean the force must be caused 
by the pressure gradient and must make the shaft eccentric in the bearing 
space. 

As the pressure rise of the circulator is proportinal to a square of 
the speed, the static force towards the specified pad increases or decreases 
with rotor speed in accordance with its direction. The direction of these 
static forces are reversal to upper and lower bearing because the impeller 
is mounted at overhung position of the upper bearing. Therefore the 
static forces in the lower bearing and the upper bearing to specified 
direction change with rotating speed from the value which is nearly equal to 
the preloading force of the spring-pivot as shown in Fig.5. 
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Fig.7 Calculated Force from Differential Static Force between 
Two Pads vs Pressure Rise of Regenerative Circulator 

From the explanation above, it will be concluded that the shaft 
initiates to whirl when the external force to the shaft rises up to a 
certain value. 

4.3 MEASUREMENT ON CENTRIFUGAL CIRCULATOR 

One ot the four centrifugal type circulators was inspected and measured 
as a preventive maintennance and to compare the bearing characteristics with 
the regenerative circulator. 

Through examination on the journal bearing pads, the flatness shewed to 
be weared somewhat and was ranged less than 20gm in the direction of the 
shaft axis. As to the thrust bearing, surface conditions of the pads and 
the rotating disk were worse than those of journal bearings, roughness of 
them were 60ym and 40um respectively in the radial direction and the 
flatness of them were ranged less than 10um. 

The bearing clearance in stopped condition and the preloading force of 
spring pivots were out of the design value, those were readjusted slightly 
through series of the tests. 



The test ODerations were carried out in free air with naked impeller 
and in connection with the helium loop employing similar measuring devices 
used for the regenerative circulator. 

In the test connecting with the helium loop, change of the static force 
to the pivot was not observed with the rotating speed as observed on the 
regenerative circulator. This must be owing to the pressure distribution 
around the centrifugal type impeller is uniform and the external force 
perpendicular to its axis is not provided to the shaft. 

It is *lso found from the test in free air the shaft does not whir) up 
to the highest operating speed when tha gas film thickness is more than 5Cum 
at the pivot point. However this value may be five to eigh1, times thick 
compared to the design value and the static force is too small especially in 
low speed operation as shown in Fig.8. Therefore it does not rise up to 
the constant value which is decided by preloading force of the spring pivot. 

Fig.8 Static Forces to Upper and Lower Journal Bearing Pads of 
Centrifugal Circulator for Pad Clearance of =50ym (in Air) 

On the contrary, if the gas film is thin enough, less than 20um at low 
speed operation, the shaft tends to whirl in the rotor speeu range of over 
7,OOOrpm as shown in Fig.9 but the static force is kept in the constant 
value of about 70kg. 

For this constant force, the mean pressure on the projected area of the 
pad perpendicular to pivot axis is about 0.31 and 0.24kg/cmJ for leading 
side and trailing side respectively. 

The vibration mode was also observed by the vector locus of the shaft 
displacement. 
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5. DISCUSSION ON SHAFT INSTABILITY 

The whirling motion on the regenerative circulator will be explained 
qualitatively as follows: 

Supposing the shaft 1s forced 1n the direction of the force owing to 
the pressure gradient around the impeller, 1t makes the shaft eccentric 1n 
the bearing clearance and makes the gas film stiff In the compressed slc'e. 

The compressed stiff gas film makes 1t difficult to absorb vibrational 
movement of the shaft. Therefore 1t forces the pad to follow the movement 
rapidly. 

On the other hand, the external force from the pressu;e gradient and 
1nert1al torque of the pad Increase with speed of the Circulator. This 
situation must deteriorate the effectiveness of the tilt ng pad because* the 
cross-coupling reaction force would appear 1f the pad c iuld not move freely 
1n phase with the shaft moviment. 

On the centrifugal circulator, as earlier noted, the shaft behaves 
stably up to the highest operating speed with considerably thick pas film 
and low static force or small loading capacity. Cn the contrary, for the 



thin gas film, the shaft tends to whirl in the high speed range but it keeps 
the static force high and constant from low speed to the highest operating 
speed. 

This behavior on the centrifugal circulator will mean essentially the 
same phenomenon with the whirling of the regenerative circulator and will be 
explained as follows: 

If gas film in the bearing was thin, stiffness of it would increase 1n 
the high speed range. Thus the thin gas film becomes impossible to absorb 
the shaft vibration and produces the cross-coupling reaction force with 
shaft vibration. The ability of the tilting pad must be deteriorated in 
such cases and it makes the shaft impossible to keep the stability finally. 

The vibrational mode of the rotor indicated the first flexural critical 
speed, the third critical speed, was not so distant from the maximum 
operating speed. The calculated third critical speeds with the 
regenerative impeller and the centrifugal ore are about 17,000rom and 
15,000rpm -°spectiv3ly for the practical bearing stiffness and are not so 
change with the rtiffness. 

- - - - - l f the rotor speed approached to the third critical speed, it would 
r»<;iMt in bending of the rotor and a variation in mass distribution. This 
would result in large vibrational motion of the shaft and unstable condition 
in the bearing. 

From the theoretical standpoint, the situation will be explained that 
the cross-coupling coefficients K Xy, Kyx, toCxy and u>Cyx of the dynamic 
bearing-coefficient; could not be neglected even for the tilting pad bearing 
in the high speed region. 

There are many studies on the stability considerations for a gas 
- - - lubricated tilting pad bearing 1-*). McCabe tt al.*) showed the stability 

threshold in terms of Shaft Mass Parameter and Pitch Inertia Parameter of a 
pad with Bearing Number. 

The circulator discussing now seems to be operating near the stability 
threshold, however, it is very difficult to calculate meaningful those 
parameters because the film thickness to calculate the parameters are 
extremely small and almost impossible to measure accurately in the practical 
machinery. 

6. MONITORING SYSTEM 

The moiiitoring system was proposed and tested for earlier detection of 
half-speed whirling motion and practical security of the circulator. 

Through the series of tests, the monitoring system was simplified 
finally as shown in Fig.10. The system is mainly owing to the tracking 
filter which is a fruit of modern digital electronics. It detects the 
selected vibrational signals by the filter which passes half-frequency 
component only of the input signal. 

The source vibrational signal is detected by a shaft displacement 
155 sensor and the speed signal to track the rotating frequency is detected by a 
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Fig.10 Schematic Diagram of Monitoring System for Half-Speed Whining 

optical sensor directed to rear face of the cooling fan. Both sensors are 
commercial and popular type and are electro-magnetic type and photo-diode 
type with optical fiber respectively. 

The vibrational analogous signal Is led to the tracking filter and the 
speed signal 1n pulse mode controls the selecting frequency automatically. 

Since output from the tracking filter Indicates the magnitude of half-
frequency component only, if the half-speed whirling was occured, we could 
detect it immediately and very sensitively. 

The ratio of filtering center frequency to rotating frequency and the 
output gain are adjustable. The output signal from the filter 1s 
connected to an alarming amplifier which has adjustable set point to make an 
electric contact for a buzzer and announciaters on the control pannel. 

This system 1s working successfully more than one year and took its 
part a few times In the period. 

The piezo-electric accelometer mounted onto the outer casing was also 
found to be available as a vibration detector, however, the noise signals 
seem to increase in this case. 

7. CONCLUSION 

The following conclusion was derived through the operating experience 
of the gas bearing circulators: 

When the first flexural critical speed is not so far from the highest 
operating speed, being 125 to 140 per cents of the maximum speed, the 
tilting pad gas bearing of the circulator with high stiffness will result 1n 



the unstable shaft vibration. To eliminate this condition, decreasing the 
stiffness of bearing by thick gas film is practically effective for a low 
loaded bearing. 

The key technology to solve the instability problem on gas bearing 
seems to decrease inertial moment of the pad, however, theoretical and 
quantitative treatments on the stability consideration seem to be very 
diffic'' in the practical machine owing to the difficulty of micro-
cle~ <s measurement and adjustment in the bearing. 

rrom the reason above, we should fix the attention on the machine with 
tilting pad type gas bearings so that the load to shaft, inertial momei.t of 
the pad, unbalance of the rotor and rotating speed are kept in minimal. 

The external force to the journal shaft of a vertical shaft circulator 
is minimal in general, so we can decrease the loading capacity for 1t. In 
other words, the external load to the shaft should be so minimized that the 
rotor could be supported with the minimal film stiffness or loading capacity 
and increasing the gas film stiffness does not always provide the stable 
performance. 

The monitoring system employing the tracking fitter technique seems 
useful and reliable for the instrumentation of the high speed rotating 
machinery. 
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Abstract 

Three ^as-bearing circulators are installed in series in a high-
pressure, high-temperature loop to provide helium flow up to 0.47 m'/s 
at a total head of 78 kj/kg. The design pressure is 10.7 MPa, and 
temperatures of 1000'C can be obtained In the test section. The inlet 
temperature to the circulators is limited to 450*C. The 200-kW motor 
for each circulator is enclosed in the pressure boundary, and the motor 
is cooled by circulating the gas within the cavity over a water-cooled 
coil. The full operating speed is 23,500 rpm. 

A full-flow filter, absolute for particulate above 10 ^m, is 
installed upstream of the circulator to protect the gas bearing 
surfaces. The minimum clearances between these surfaces during 
operation are in the range of 15 to 30 /im. 

The radial-flow Impeller and its housing are made of ferrit^c 
stainless steel. The housing and diffuser are made of A1S1 410 
stainless steel, and the Impeller is stainless steel 17-4 PH (ASTM 
A-564). The design incorporates a significant cavity adjacent to the 
front curved face of the impeller. This cavity contains a volume of 
gas with a stationary surface on one side and the rotating surface of 
the impeller on the other. 

Du-ring a routine examination of the circulator, deep V-shapeu 
grooves were found in the Ltationary surface of this cavity. At the 
same time, a very fine, dark particulate was observed in crevices of 
the housing. At first it was assumed that the grooves were formed by 
particulate erosion; however, examination of the grooves and 
discussions with persons experienced with large circulator operation 
changed this opinion. 

Erosion caused by particulate is characteristically rounded on the 
bottom and has a greater width to depth aspect than the V-shaped 
grooves, which were observed. Analysis of the particulate Indicated 
that it was essentially the material of the housing that had undergone 
reactions with impurities in the circulating gas. It was subsequently 
concluded that the impeller housing had not been heat treated in a 
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