
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 

•Research sponsored by the Office of Advanced Reactor Programs, 
U.S. Department of Energy, under contract DE-AC05-84OR21400 with Martin 
Marietta Energy Systems, Inc. 



sufficiently oxidizing atmosphere after machining to form an adherent 
oxide coating. This suboxide coating was eroded by the shear forces in 
the gas. The exposed layer of metal was then further oxidized by the 
impurities in the gas, and these layers of oxide were successively 
eroded to produce the grooves. This erosion problem was eliminated by 
machining a ring of the same material, heat treating it to form an 
adherent stable oxide, and bolting it in place in the cavity. 

INTRODUCTION 
Three helium-lubricated gas-bearing circulators were designed, 

fabricated, and performance tested by Mechanical Technology Inc. (MTI), 
and they are now installed in series in a high-pressure, high-
temperature helium loop used to test engineering-scale components for 
high-temperature gas-cooled nuclear reactors. The initial need to 
limit, and the subsequent need to control, the concentration of gaseous 
impurities in the helium dictated the choice of gas-bearing 
circulators. 

A detailed history of the design, manufacture, testing, and 
operating history of these circulators has been given In several 
references (Refs. 1, 2, 3). 

During the operation of these cirr .lators, an erosion problem was 
discovered in the housing of the circulator impeller. Thir erosion 
produced a very finely divided, dark particulate that collected in 
crevices, such as bolt holes, in the circulator housing. Subsequent 
damage to one of the gas bearing surfaces was attributed to the 
presence of this particulate. 

The investigation of the source of this erosion and the measure* 
necessary to prevent further erosion and circulator damage provided 
significant information that should be considered by future designers 
of high-pressure gas circulators, regardless of the type of bearing 
that is used. 

DESCRIPTION OF THE CIRCULATOR 
Figure 1 provides a cross sectional drawing of the circulator. 

Note that all of the internal parts of the circulator are mounted from 
the closure flange of the pressure vessel. This permits the circulator 
to be mounted on this flange and then inserted in the pressure vessel 
by guiding the flange toward the vessel on parallel tracks. All 
connections to the motor for power, cooling water, and instrumentation 
are made through penetrations in this flange. A picture of this 
internal assembly, mounted on the flange, is shown in Fig. 2. 



Internal Seals 

As the internal assembly slides into place, as illustrated in 
Fig. 1, piston-ring seals provide closures at two significant 
locations. One location is between the helium inlet flow duct and the 
stationary shroud at the irapoller Inlet. The other location is between 
the baffle that separates the motor and impeller cavities and the 
interior pressure vessel wall. Note that the interior vessel wall has 
a ptocubecance that provides seals at both the baffle and at the end of 
the water-cooling jacket. This second seal is necessary only to 
establish the path of helium flow within the motor cavity. 

The baffle separating the motor cavity and the impeller cavity was 
necessary to isolate the gas in the motor cavity and to limit its 
temperature below the allowable values permitted by the the electrical 
components and the Teflon seal at the closure flange. However, the 
original design requirements for the circulator included an ability to 
withstand rapjd depresssurizations of the loop. The gas in the 
impeller cavity also filled the motor cavity. Reed valves were 
installed in the baffle plate to permit rapid transfer of gas from the 
motor cavity to the Impeller cavity. 

The one moving part in the circulator is shown separately in 
Fig. 1 as the "Rotary Assembly." In this figure, the primary Impeller 
is at the right end of the shaft. A fan is shown at the left end of 
the shaft. The purpose of this fan is to circulate the gas within the 
motor cavity and transport heat from the motor parts to the water-
cooled coils. 

On the back face of the Impeller, two labyrinth seals match 
stationary seal rings mounted on the baffle plate. T'ie objective of 
the piston-ring seal and these seal ..ings is to limit the interchange 
of gas betwe«>:i the impeller cavity and the motor covlty during normal 
operation. This barrier also restricts the ingress of particulates in 
the circulating gas stream into the cavity containing the gas bearings. 
The Gas Bearings 

A thrust disk is mounted at the left end of the rotary assembly, 
immediately to the right of the fan. Journal bearing surfaces are 
located on the shaft at both Che fan «=r>d and the impeller end. All 
bearing surfaces, both the rotating parts and the mating stationary 
parts, are flame-sprayed with a chrome-oxide layer to provide wear 
resistance during starting and stopping. The Journal bearings have 
pivoted pads to prevent the instability and half-speed whirl often 
encountered with sleeve-type journal bearings. The running clearance 
of the Journal bearings is on the order of 25 pa, which is about one-
fourth of the clearance for conventional oil-lubricated bearings of the 
same diameter. 

A spiral-groove, gimbal-mounted, unidirectional, thrust bearing is 
used. A spiral-groove bumper surface on the end of the shaft, with 
great 1^ -educed area and thrust load capacity, provides for thrust 
reversal. The circulator axial centerline is inclined about 8* from 

horizontal to ensure that the thrust loading with the circulator 
stopped is in the same direction as the thrust load generated during 
circulator operation. 
The Motor 

The circulator drive motor is a two-pole, three-phase motor 
designed to operate from 50 to 400 Hz. The maximum rating is 200 kW at 
23,500 rpm, which is a limitation of the power supply. 

The motor rotor is an integral part of the shaft; It has no 
laminations as found in conventional motors. This provides a greatly 
enhanced shaft stiffness and raises the critical speed above 24,000 
rpm, which is the maximum operating speed. Twenty-eight Berylco-copper 
rods, each 9.5 mm in diameter and approximately 200 ram long, are placed 
around the periphery of the solid rotor in precisely gun-drilled holes. 
These rods provide the electrical path to Berylco-copper end rings. 
Nonmagnetic steel retaining rings are shrink-fitted over the end rings 
to resist centrifugally induced stress. The shaft is dynamically 
balanced with a precision of 10 g-mm. 

The motor stator is shrink-fitted into an Inconel water-cooled 
assembly. The stator insulation is NEHA Class C, suitable for 
continuous operation to 220*C. The maximum stator temperature actually 
measured during operation was 150*C. Because of the circulator 
depressurization requirements, the stator insulation had low outgassing 
characteristics, was vacuum impregnated, and was baked three times. 

Circulator Performance 

The design and performance requirements for the circulators are 
given in Table 1. Figure 3 shows typical head-flow-speed performance 
characteristics for a single circulator. In terms of volume units, 

Table 1. Requirements for the circulator 

Pressure-retaining boundary 

Design pressure 11.7 MPa a 8.2 MPa 6 

> c b Design temperature 370'C. 500' 
MPa 6 

> c b 
Service life 10 years. 
Design standard ASHE Code Sect. 

Class 2 
III 

Performance criteria 
Maximum outlet pre: ssure 10.3 MPa 6 7.2 MPs 6 

Haximua outlet temperature 340'C. 450' ,cb 
Design flow 0.47 m3 
Total head 78 k J A g 
Number required 3 in series 
Speed range 3000 to 23,500 rpm 
Maximum motor power 200 kW/clrculator 
Maximum depressurization race 10.3 Co 0.1 MPa in 60 s 
Maximum gas temperature change 28'C/s for 1 s 

•Originally specified conditions. 
^Revised conditions. 



these data apply at all operating pressures and temperatures. The 
total head developed for all three circulators in series at any flow 
and speed is essentially three times the head shown in Fig. 3. 
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Operation to the left of the surge line could result in daoage to 
the gas bearings. The circulators can be operated in any combination 
of two circulators operating and one stopped. Operation with one 
circulator only is not possible because the pressure loss through a 
stopped circulator is nearly equal to the developed head of one 
circulator. Therefore, operation with two circulators stopped would 
force the third circulator to operate to the left of the surge line. 
Operation in excess of 120% of design flow reduces the load on the 
unidirectional thrust bearing. This could lead to thrust loud 
reversal. 

Within hese flow limitations, the circulators ran operate 
continuously a; any speed from 3000 to 21,500 rpm at pressures from 0.1 
to 10.3 KPa and at temperatures to 450*C. Operation is permissible to 
23,500 rpm if the gas density is reduced to prevent overloading the 
drive motor. The unit can be operated for limited periods suspended in 
open air to check alignment and instrumentation. Dimensions for the 
circulators and the pressure vessels are given in Table 2. The various 
parts are pictured in Figs. 4 and 5. 

Table 2. Circulator and pressure vessel dimensions 

Circulator 
Impeller Centrifugal type 

vanes 19 radial 
Impeller OD 185 mm 
Maximum Impeller tip speed 229 m/s 
Dlffuser, ID x OD 204 x 320 mm 

vanes 12 
Motor rotor, diameter x length 149 x 210 mm 
Shaft length 650 mm 
Journal diameter x length 105 x 105 mm 
Journal unit loading 22 kPa 
Journal bearing type 3 pad, tllting-pad 
Thrust disk, OD x ID 137 x 46 mm 
Shaft weight, total 43.5 kg 

Pressure vessel 
Length x OD 1.67 x 0.56 m 
ID 0.49 m 
Nominal wall thickness 31.7 mm 
Closure flange diameter 743 mm 

thickness 132 mm 
Flange stud bolts lb each, 44,5-mm dlam. 
Flange seal material Teflon Omni seal 

diameter 533 mm 
Inlet and outlet nozzles 150 mm (6-ln., sched. 80) 
Material Type 304 stainless steel 



BRIEF HISTORY OF CIRCULATOR OPERATION 

Each circulator was performance tested, and then It was subjected 
to a 100-hour endurance run at full temperature and pressure in a test 
loop at MTI. The circulators were delivered to ORNL and Installed In 
the loop in April 1981. Shakedown cperation, with all three 
circulators connected In series, was started in October 1981, and 
acceptance testing was completed in December 1981 (Ref. 4). 

All three circulators were operated very satisfactorily f 031 
February 1983 through June 1983 (Ref 5). A total of 1900 hours of 
operation were accumulated. During this period, It was necessary to 
repair a short in the power cable penetration to the third circulator. 
While the unit was disassembled, about 2 mL of very fine magnetic black 
powder was found trapped in holes in the inlet of the impeller shroud. 
The powder contained iron and iron oxide, and there was considerable 
speculation about its source. After completion of this phase of the 
operation, various components of the loop were Inspected. This 
inspection revealed small amounts of black powder in the full-flow 
filter and on horizontal surfaces where gas velocities were low. The 
total amount recovered was less than the amount recovered earlier from 
the third circulator cavity. 

On August 22, 1983, the circulators were started. After about 5 
hours of operation, the circulators were scrammed. Inspection revealed 
that the stator winding in the rotary assembly Installed in the middle 
pressure vessel had a short to ground. The assembly Installed In this 
vessel was the prototype unit that was first manufactured to prove the 
performance characteristics of the design. 

GAS E\0SI0N OF THE IMPELLER HOUSING 

During the period (Ref. 6) that was required to rewind the stator 
of the prototype unit, an examination of other components of the 
circulator assembly was made by the field engineering representative 
from MTI. This inspection revealed that some damage had occurred to 
the interior surfaces of the stationary shroud at the impeller Inlet. 
Evidence of this damage is shown in Figs. 6 and 7. There was no 
apparent damage to the impeller or the Impeller back plate, and only 
moderate polishing had occurred on the load surfaces of the dlffuser 
ring. The shroud, back plate, and dlffuser ring are stationary 
surfaces that effectively surround the impeller. 

The remaining two rotary assemblies were removed from their 
pressure vessels, and Inspection revealed that similar damage had 
occurred to the other two stationary shrouds. The cause of the damage 
and possible remedial measures were discussed with MTI. 

A preliminary intuitive assumption of the Investigators was that 
particulate had been suspended in the gas stream and eroded the exposed 
surfaces. This assumption proved Co be at variance with several 
observable facts. First, there was a full-flow filter immediately 
upstream from the circulators. The filter medium was a sintered metal 



that was formed by heating three layers of 200 x 1400 mesh screen. The 
medium was an absolute filter for particles greater than 10 /in, and it 
had a nominal rating of 5 /jm. Particulate the size of that found in 
the circulators, which was generated upstream, would have been removed 
in the filter. In addition, discussions with experienced engineers 
from the Gas Turbine Division of the General Electric Company of 
Cincinnati indicated that erosion caused by entrained particulate 
produced a surface defect that was significantly different from the V-
shaped grooves shown in Figs. 6 and 7. Particulate erosion produce:: 
defects that are characteristically rounded on the bottom and have a 
larger width to depth ratio than these grooves. 

Analysis of the particulate indicated that it was essentially th« 
material of the housing that had undergone reactions with impurities in 
the circulating gas. Calculations indicated that the impeller motion 
(tip speed of about 180 m/s) produced a large shear force at the 
stationary surface of the shroud at the impeller inlet. It was; 
subsequently concluded that the impeller housing had not been heat: 
treated in a sufficiently oxidizing atmosphere after machining to form 
an adherent oxide coating. This suboxide coating was eroded by th« 
shear forces In the gas. The exposed layer of metal was then further 
oxidized by the Impurities in the gas, and these layers of oxide were: 
successively eroded to produce the grooves. 

REMEDIAL ACTION 

A twofold approach to eliminate the damage process was adopted. A 
filler ring, shown In Fig. 8, was made of type 410 stainless steel. 
This ring was installed in the existing cavity In each of the 
stationary shrouds of the three circulators. The rings were heat 
treated in a sufficiently oxidizing atmosphere to form an adherent 
oxide coating. 

In addition, reservoirs were machined into the reverse side of the 
rings to provide collection reservoirs for remaining particulates that 
might circulate during loop operation. Connecting slits were cut into 
the surface of the rings that would deliver particles into these 
reservoirs. The surface of the filler ring matched the contour of the 
Inner surface of the stationary shroud at the Impeller. 

The prototype circulator was reassembled and operated in air with 
and without the ring installed. Vibration and acoustic measurements 
were recorded. The reservoirs in the ring may have increased the 
acoustic band somewhat, but the circulator noise was affected little by 
the ring. All three circulators were operated in air and then 
installed in the pressure vessels. 



SUBSEQUENT OPERATION 

Test operation continued for more than 2900 hours following the 
Installation of these rings. At the end of that period, there was no 
evidence of additional particulate generated In the circulator 
cavities, and there was no evidence of erosion on the surface of the 
ring's. 

One circulator did fall, huvever, during the subsequent operating 
period. The failure was due to damage to the surface of the journal 
bearing and pivoted pads on the impeller end of the third unit. It was 
postulated that this scoring was due to particulate that was produced 
prior to Installation of the rings. An effort was made to remove all 
of the particulate in the three circulators at the time that the rings 
were installed; however, removal of all particles was not possible. 
This particulate would have to be carried past the seals on the baffle 
plate to enter the cavity containing the bearings. 

The fact that particulate removal was effective was demonstrated 
by the fact that only minute amounts of particulate were collected In 
the reservoirs that were incorporated in the rings during the remainlrig 
period of operation. 

While the bearing surfaces of the third unit were being 
refurbished, operation of the loop was continued using only two 
circulators. It was necessary to build and install a temporary heat 
shield in the third vessel to Isolate the closure flange from the 
temperature of the circulating gas. 

Post test evaluations lead to the conclusion that the short to 
ground at the power leads that had interrupted the operation during a 
prior phase of the test might have been caused by the presence of the 
metallic powder in the motor cavity. At the time that this short WHS 
repaired, traces of a black powder were discovered; however, at that 
time, the circulator assembly was not disassembled to the extent that 
the grooves were discovered in the stationary shrouds. 

CONCLUSIONS 

The circulators that were built, tested, and delivered by MTI mat 
all of the performance requirements. All testing and preliminary 
phases of operation were conducted using very pure helium. During 
subsequent operation of the circulators with helium containing both 
moisture and carbon dioxide, a black metallic power was observed in the 
circulator cavities. Disassembly of the circulators revealed V-shaped 
grooves of varying depth in the interior surface of the 410 SS 
stationary shroud at tho circulator inlet. 

It was concluded that the erosion of this surface was due to the 
fact that this surface had not been heat treated in a sufficiently 
oxidizing atmosphere to form an adherent oxide coating after machining. 



This suboxide coating was eroded by the shear forces In the gas. The 
exposed layer of metal was then further oxidized by impurities in the 
gas, and these layers of oxide were successively eroded to produce the 
grooves. 

This problem was eliminated by machining rings of the same 
material, heat treating them to form an adherent stable oxide, and 
bolting them in place. No more erosion was observed in subsequent 
operation. 

Subsequent damage to a bearing surface was attributed to 
particulate that remained from the initial erosion. A short to ground 
in a power lead during prior operation was also thought to be caused by 
the presence of this metallic powder. 
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