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Abstract 

This paper mainly describes recent studies and successful appli
cations of water lubricated bearing and gas lubricated bearing. Both 
types of beering seem to be suitable for turbo machine instal" n 
atomic energy plant -such as helium circulator of HTGR- not 
affected by radioactivity, so we have been attracted by them fo 
10 years. 

The former was investigated theoretically talcing account of tur
bulent flow due to the low viscosity of water, and compared with the 
experimental data. Good agreement was obtained. An^ a successful 
example applyed to a small-sized high speed air compressor is shown. 

The latter was investigated using a large-sized bearing test rig 
simulated to an actual machine. The tilting pad journal bearing and 
the tilting pad thrust bearing were t;ken and improved for some 
aspects. These bearings have been taken into service on an actual 
circulator and are now operating successfully. 

Recently, a magnetic bearing is being studied to pay the special 
attention to endurance for an earthquake and catcher bearing system. 
we would like to have an opportunity to present these results in a 
near future. 

1 • Introduction 

Since a helium circulator is the only revolutionary machine which 
rotates at high speed condition in high temperature gas reactor, 
extremely higher reliability Is demanded than the same turbo machine 
operating under an ordinary atmosphere. As the circulator is sup
ported by bearings radially and axially, it is no exaggeration to say 
that these bearings aro imposed the great responsibility for the 
reliability of reactor. 

various types of bearing may be considered to apply the 
circulator-namely oil lubricated bearing, water lubricated bearing, 
gas lubricated bearing and magnetic bearing. Table 1 shows the prop
erties of these bearings installed in high speed turbo machinery. 
As there are both merits and demerits respectively, it is necessary 
to select a suitable type of bearing taking account of the operating 

- - - - conditions. In consideration of the special condition that the circu
lator is exposed to radioactivity, it is fatal to be affected Cue to 
the radioactivity. Therefore, oil lubricated bearing is disadvanta
geous compared with the other types of bearing. 

Looking back upon our research and development of these three 
types of bearing, firstly water lubricated bearing was grappled taking 
the notice of turbulent flow due to low viscosity of water and buffer 

141 sealing system to pravent degrading of the purity of helium gas. 

Table 1 Properties of various types of bearing 

Bearing type Oil 
lubricated 

Water 
lubricated 

Gas 
lubricated 

H»9rv«tic 

Load capacity High High (S) 
Low (D) Low Moderate 

Stiffness High High (S) 
Low (0) Low 

L o w - High 
(According to 

design) 

Mechanical lots High Moderate Low Low 

Unti seizure Good Poor Poor Poor 

Contactles> 
during stop 

Ye»(S) 
No(D) 

Yes(S) 
Ho(D) 

Yet(S, 
No(D) Yes 

Seal system Necessary Necessary No No 

Purity of 
process gas Poor Poor Good G j o d 

Affection due 
to radioactivity Stiffening No No No 

S : Hydrostatic 0 : Hydrodynamic 

Unfortunately this bearing should not seem to be applied to the cir
culator, buc promises to save energy and design a machine compactly 
such as a steam-driven turbo machine. A small-sized high speed air 
compressor which has employed this bearing is now operating success
fully. 

Secondly, gas lubricated bearing has been investigated both theo
retically and experimentally. Taking account of the simplicity of 
construction of circulator, the hydrodynamic lubrication was selected 
and large-sized bearings -'hich have come within the category of larg
est scale in the would were developed. These bearings h<-'e been 
applied to the helium circulator of the fundampr.tai test facility. 

Recently, magnetic bearing is being studied to pay the special 
attention to endurance for an earthquake jnd catcher bearing system. 
They seem to be key technologies whether it will be employed in the 
circulator. As the complicated tests ara put in practice, it is not 
enough to present these results except the test rig. Another 
opportunity to present them will be set in a near future. 

2. Water lubricated bearing 

2.1 Theoretical analysis 

Water used as lubricant of bearing has inferior lubricating prop
er ̂ ^.i- to oil because of its low viscosity. Therefore, in order to 
increase the load capacity of bearing especially in low speed region, 
the hydrostatic lubrication is effective. On the other hand, the load 
capacity of bearing and the stiffness of water film in high speed 



region can be improved, since the hydrodynamic pressure generation 
would be expected if a stepped land bearing is selected. (The 
situation consisted of hydrostatic lubrication and hydrodynamic one is 
called hybrid lubrication.) From this viewpoint, shrouded step 
bearings were selected both for journal bearing and for thrust 
bearing. The configuration of the journal bearing is shown in Fig.l. 

Supply hole 
Recen / Orifice 
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'/ 

Fig. 1 Configuration of shrouded step bearing 

When low viscosity fluid like water is used as a lubricant, the 
flow in the bearing clearance becomes turbr.leni.. In the case of 
hybrid lubrication, it is necessary to make an analysis takinj account 
of the turbulent flow caused both by the pressurized flow due to the 
gradient of fluid pressure (poiseuille flow) and by the shearing flow 
due to the rotation of rotor (couette flow). 

Under the turbulent flow conditions, the following turbulent 
Reynolds' equation is applied : 

55(-
where. 

h3G„ 
ax' « * _1 ,^I2Y_ " y ah . ah 

' ay l p By' 2 ax at (1) 
P : water film pressure 
h : water film thickness 
x,y • rotating direction and axial direction 
u : absolute viscosity 
U : sliding speed 

Gx and Gy are called viscosity correction coefficients that indicates 
the effect of turbulence [l - 3]. In the case of hybrid lubrication, 
these correction coefficients are given as the function of the 
following two Reynolds numbers which govern the flow, and their values 
are shown in Fig.2. 
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Fig. 2 Viscosity correction coefficients 

Reynolds number due t o Couette flow Rec = *~ 

Reynolds number due to P o i s e u i l l e 
flow Rep hi uv m > ' + <fy> 

(2) 

where, v : kinematic viscosity 
To solvo the Reynolds' equation (1) for the bearings which have 

complex geometry like shrouded step bearing, the finite element method 
is more useful than the finite difference method which has been widely 



used hitherto. Making use of this, not only the static charac
teristics such as load capacity, water flow rate and friction loss but 
also the dynamic ones such as spring and damping coefficients can be 
calculated. 
2.2 Model test of journal bearing 

The test rig of water lubricated journal bearing is shown in 
Fig.3. The test bearing can be loaded both statically using the air 
bellows and dynamically using the exciter heads, so it is possible to 
inspect the static and dynamic characteristics of bearing simulta
neously. The rotor can be driven at a maximum speed of 10,000 rpm. 
The distilled water was used as a lubricant which can be pressurized 
up to s.l MPaG. The shrouded step bearing having four pockets was set 
so as to load between two pockets. Its dimensions were 140 mm 
diameter and 140 mm length. 

Test bearinQ 
(•l%0mm x UUmm) 

Bearing housing 
Water supply head 

Exciter head for 
dynamic loading 

Air bellows for static loading 

Hg. 3 Test rig for water lubricated bearing 
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Fig.4 shows one example of the static characteristics under the 
constant loading. The left figure is the relation between eccentric
ity and revolutional speed. The eccentricity decreases as the speed 
increases. It indicates that the hydrodynamic effect sufficiently 
increases in high speed region though the bearing is purely 
hydrostatically pressurized at the speed of o rpm. The right figure 
points out that the water flow rate is insensible for the speed, 
because it is principally decided by the orifice restrictor. In both 
figures, the lull lines are calculated values which are in precise 
agreement with measured results. 

The spring and damping coefficients of water film against 
Sommerfeld number are shown in Fig.5, which represents the charac
teristic of hydrodynamic lubrication. For the spring coefficients, the 
direct terms are nearly same and increase as the Sommerfeld number 
increases. The cross-coupled terms have opposite sign each other 
though their values are small, one of disadvantages of hybrid lubri
cation appears. Therefore, if an actual bearing will be designed, the 
dynamic behaviour of rotor has to be deliberated carefully. For the 
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damping coefficients, the trend of direct terms is similar to that of 
the spring coefficients, and the cross-coupled terms are nearly zero. 
The full lines are calculated values. A good agreement can be 
obtained between the theoretical and experimental results. 

The thi/ust bearing was investigated by the same way [4], and sim
ilar results were obtained. From these results, the accurate predic
tion of both water lubricated bearings has been possible, and the 
optimum design based on this theory is put in practice. 



144 2.3 Application to air compressor 
Water lubricated bearing promises to save energy compared with 

oil lubricated bearing due to its low viscosity. Moreover, applying 
to steam-driven turbo machine, the sealing system becomes easy because 
steam and water have the same chemical compornents. From this 
viewpoint, this bearing has applied to s>">all-sized high speed air 
compressors driven by steam turbine. Fig.6 shows a schematic view of 
the air compressor. The rotor has single stage compressor wheel and 

Z _ _ single stage turoine wheel at the both ends, and the bearings are 
arranged between t,ie wheels. The water lubricated bearing is coupled a 
journal bearing and a thrust bearing as snown in Fig.7. The diameter 
of journal bearing is 35 mm. 

Fig.8 shows the result of measurement of rotor vibration. The 
rotvr was run calmly up to 65,000 rpm of the rated revolutional speed. 

- - - - Of cource, there was no remarkable behaviour when crossing over the 
critical speeds. 

The air compressors have been in service and are now operating 
successfully. 

Fig. 6 Air Compressor supported by water 
lubricated bearing 

Fig. 7 Photograph of shrouded step bear ig 
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Fig. 8 Measured rotor vibration of air compressor 

3. Gas lubricated bearing 
3.1 Selection of bearing type 

When applying water lubricated bearing to a helium circulator, 
the primary disadvantage is that the complex buffer sealing system has 
to be required. As compared with this type of bearing, gas lubricated 
bearing is not requested any sealing system. Moreover, if the hydro-
dynamic lubricated bearing is chosen, the gas supply system is not 
required. Therefore, it is possible to constract the circulator 
compactly, so the world-wide tendency of circulator -joes toward the 
employment of hydrodynamic gas lubricated bearing. With these points 
as background, it has been investigated to apply to an actual cir
culator based on the previously fundamental work [5]. 

Generally speaking, the absolute viscosity of gas which dominates 
the load capacity and stiffness of bearing is extremely lower compared 
with oil and/or water, so larje-sized bearings are necessary t> sup
port the rotor both radially and axially. When applying large- sized 
bearings in practice, it is important to notice especially the 
misalignment of rotor and the distortion of bearing. For both 
demands, the t i l t i n g pad bear ings with equal izing Mechanisms are 



selected. One more point to select the tilting pad bearing for jour
nal bearing is its good stability of dynamic behaviour at high speed 
region. 

On the theoretical research, as gas different from oil and/or 
water has the special characteristic of compressibility, it should be 
considered to predict the bearing performances. As the compressible 
Reynolds equation is solved under an isothermal condition, the static 
and dynamic performances of bearing are calculated. Continually, the 
stability of rotor is checked by the rotor dynamics programme. 
3.2 Simulated test of circulator 

To examine the bearing performances and rotor dynamics, a full 
scale test simulated to an actual circulator was carried out. A sche
matic view of the test rig is shown in Fig.9. The rotor is arranged 
vertically. There is a dummy disk simulated Impeller at the upper 

Dummy disk 
simulated impeller 

Upper journal bearing 

Rotor 

Lower journal bearing 

Thrust bearing 

Fig. 9 Test rig for gas lubricated bearing 

side, and threia disks simulated armature of motor are put between the 
journal bearings. The rotor can be driven at a maximum speud of 
10,000 rpm by a thyrj.stor motor from the lower side, however an actual 
circulator will be driven by a canned thyristor motor. Therefore, the 
dynamic isolation between the rotor and the motor was taken carefully. 

Table 2 shows the specifications of tested bearings. Both 
radially and axially, the tilting pad bearings were selected as men
tioned before, which have come within the category of the largest 
scale in the world. There are some special features. From the aspect 
of material to prevent seizure at starting and/or stopping, the Cr203 
ceramics was coated to the journal pads, and the DU metal was lined to 
the thrust pads. From the aspect of mechanism, one of three pads of 
the journal bearing was supported by the preloaded spring to retreat 
if an extreme load would be acted on the bearing. On the other hand, 
the thrust pads were crowned circumferentially to help the hydrcdyna-
mic effect. 

Table 2 Specifications of tested gas bearings 

Journal bearing Thrust bearing 

Type Tilt ing pad Til t ing pad 

Number of pads 3 6 

Dimensions Diameter 160mm Outer dia. 267mm 
Length 180mm Inner dia. 118mm 

Notes O2O3 coating DU metal l in ing 
Spring support for 1 pad Convex crowned surface 

The test was conducted under the atmospheric conditions, and film 
thickness, film pressure, temperature and rotor vibration were 
measured. 

(1) Results of thrust bearing 
Nevertheless the specific load of the thrust bearing is about 

0.04 MPa which is the most severe condition to hydrodynamic gas 
lubricated bearing, enough wedge-shaped film thickness and suitable 
film pressure wo>.re measured as shown in Fig. 10. It was feared to wear 
the shape of crooning surfrace during the repetition of start and stop, 
but there was no wear against about 100 repetitions of the endurance 
test. 

(2) Resul ts of j ou rna l bearing 
The journal bearing was tested at many combinations of praload 

factor and spring force. Fig.11 shows one example of test results 
whose parameters are 0.7 and 7 35 N respectively. As same as the 
thrust bearing, the good hydrodynamic performances were proved. The 
minimum film thickness was estimated about 20 ym from the upper figure. 

The actual force acting on pivot by this hydrodynamic film pres
sure was measured by a load cell. The upper figure in Fig.12 shows the 
static forces. It is directly propotional to the revolutional speed 
toward 8,000 rpm, but it becomes constant over 8,000 rpm. As the 
saturated value was the initially setting spring force, it was proved 
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~that-the equalizing mechanism could act normally. The broken line is 
calculated value which is in good agreement with measured values. 
While the lower figure in Fig.12 shows the oynamic forces. It repre
sents the magnitude of rotor vibration. The maximum value was only 
about CIO N when the revolutional speed crossed over the critical 
speeds of rotor. That is to say, the unbalance force due to rotor 
vibration is enough small. 

If the gas lubricated journal bearing will be employed in an 
actual machine, it is important to check whether the unstable 
phenomenon of whirl whose frequency is nearly half of rotatloned speed 
may be occur or not. Fig.13 shows the calculated damping ratio 
against the preload factor. As there is the possibility of whirl when 
the damping ratio has negative value, the preload factor has to be 
chosen over 0.1 rrom this figure. According to the test changing the 
preload factor from 0.3 to 1.0, the whirl did not occur except 0.3. 
Good correlation is evident between both theoretical and experlmantal 
results. 

Test results 
Instable Stable Stable 
' X ' O—l— O—L 

Stable 
— O 

o.s 

0 .6 

' 0 . 1 

0.2 -

0 . 2 

Forward mode 
N - 12.000rpm 

0 . * 0.6 0.8 

Preload factor 

1.0 

Fig. 1 3 Whi r l stability of rotor 

3.3 ADDlication to helium circulator 
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The same journal and thrust bearings have been installed in the 
helium circulator of the fundamental test facility. The ambient con
dition which it would be exposed to differs from the test conditions. 
Namely, the latter Is the atmosphere and the former is the helium gas 
whose pressure is about 4 MPa. As the viscosities of both air and 
helium gas are nearly same and the effect of compressibility decreases 
as the ambient pressure increases, any problem would not be expected 
changing the gas condition. From the above mentioned results, the 
suitable values of preload factor and initially setting spring force 
were selected. No trouble has been reported up to now. 

4. Magnetic bearing 
Magnetic bearing has excellent properties which compound the mer

its of water and/or gas lubricated bearing and the merits of oil 
lubricated bearing as shown in Table 1. Therefore, it seems to be 
most suitable for the bearing of circulator, and i3 now in the lime
light. It might be almighty, but there are some problems that is to 
say mean time between failure of electromagnetic parts, bearing stiff
ness at low frequency region, catcher bearing system and so on. 
Though the first problem can be solved to use high quality parts, the 
second and third problems may be fatal if they should not b« well 
designed. Because, generally speaking, the second lte.,i is too low to 
conquer an earthquake, and the third item has to be acted without any 
lubricant. From these viewpoints, the magnetic bearing is now being 
studied to pay the special attention to endurance for an earthquake 
and catcher bearing system. 

Fig.14 shows the photographs of test rig. The left photograph is 
for rotating test. The test rig is placed horizontally different from 
vertically for the gas lubricated bearing as shown in Fig.9 taking 

Rotational test 

Fig. 1 4 Test rig for magnetic bearing 



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. 


