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ABSTRACT 

Compressors were re~uired to circulate helium coolant in ~~ 
in-pile loop at moderately high heads (6000-8000 ft), at low 
vo~wnetric flows (30-40 acfm), at 600°F and 385 psig. A re
ger"erat.ive type of gas compressor, using grease-lubricated ball 
bearings enclosed in a special water-cooled casing, was designed 
and tested. The de objectives were achieved, and a nlunber 
of these compressors have been built and are in operatior... 

NOTICE 

This document contains information of a preliminary nature and was prepared 
primarily for internal use at the Oak Ridge National Laboratory. It is subject 
to revision or correction and therefore does not represent a final report. The 
information is not to be abstracted, reprinted or otherwise given public dis
semination without the approval of the ORNL patent branch, Legal and Infor
mation Control Deportment. 
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DEVELOPMENT OF REGENERATIVE COMPRESSOR FOR HELIUM CIRCULATION 

I. K. Namba 

INTRODUCTION 

A set of helium compressors was needed to circulate helium coolant 

in an in-pile irradiation facility. The compressors were required to 

produce heads considerably higher than those normally expected of centri

fugal compressor units, at flow rates well below the optimum design range 

for centrit'ugal compressors. The units were required to operate without 

maintenance for minimum periods of' 3000 to 4000 hr. 

Previous investigations had shown that commercially available com

pressors could not meet all of the requirements for the present appli

cation. A centrifugal compressor suitable for the required conditions 

of pressure and temperature had been previously deSigned and tested by 

the Reactor Division. 1 Further investigations showed that it should be 

possible to obtain the required aerodynamic characteristics by adapting 

a regenerative-type ot' impeller for use with the water-cooled motor and 

bearing housing previously developed for the centrifugal compressor. 

This report describes the eqUipment used for two air test models and 

the results of these model tests, as well as the deSign, construction, 

and test of the final regenerative units. 

PRINCIPLE OF OPERATION OF THE REGENERATIVE COMPRESSOR 

The regenerative compressor is also ret'erred to in the literature 

as a "peripheral", a "turbine", or a "drag" compressor. While this con

figuration has been used primarily f'or pumping liquids, several theories, 

supported by semi-empirical expressions, have been presented in the 

literature to explain the behavior of thiS type of unit when used to 

1I. K. Namba, Development of Centrifugal Compressors, ORNL-TM-63, 

(Oct. 9, 1961). 
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circulate gases. The circ~latory flow theory,2 describes the mechanism 

of the pumping action in terms of the centrifugal field induced by the 

rotating impeller. Figure 1 illustrates scl:ematically the aerodynamlc 

elements of the regenerative compressor. The impeller has radial vanes 

machined into each slde aroDG~d its periphery. As the impeller rotates 

in the directlon of flow, the fluid is passed through the vanes to the 

periphery of the impeller and then directed back into the root of other 

impeller vanes. This recirculation occurs many times through a large 

num':1er of vanes as the fluid travels from suction to discharge, and can 

1::e thought of as prod·J.ci:'2g a or regenerative effect. The 

f11]id path is geometrically similar to a helical spring bent in an in

complete Circle, With each cycle adding energy to the fluid in a form of 

pressure head. Iversons a.l1d SenQc4 cor-sider turbulent friction between 

the moving impeller and the fluld as the primary force causing the pumping 

action. These authors advanee the idea that the pumping mechanism is in

duced by the shearing stresses created in the fluid by the impeller. 

PRELThUNARY EXPERIMENTS 

Very little experimental in:t'ormation was available as a basis for 

the deSign of' a regenerative impeller. A first test was made of the 

performa...'1ce of a 5-in. diameter reger ... eTati ve impeller operating in water, 

and the results of this test were tl:en converted to antieipate a per-

fornance characteristic 1:'2 air. 

aw. A. Wilson, M. A. Santalo, and J. A. Oelric:t:, itA Theory of the 
Fluid-Dynamic Mechanism of Regenerative Pumps," Trans. Am. Soc. Mech. 
Engrs. 77, 1303-lb (Nov., 1955)· 

3 H. W. Iverson, "Per1'orman.:;e of the Periphery Pump," Trans. Am. Soc. 
Mech. Engrs. 77,19-28 (.Jan., 1955)· 

4y. Senoo, "A Comparison of Regenerative-Pump Theories Supported by 
New Performance Data," Trans. A.m. Soc. Mech. Engrs •. 70, 1091-1102, 
(July, 1956). 

" 
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An extrapolation of the water tests to helium operating conditions 

indicated that a wheel diameter of 10 in. should satisfY the aerodynamic 

requirements oi' the proposed loop. The calculated disc stresses and the 

peripheral speed of the impeller suggested the use of stainless steel 

material for the experimental wheel. The spacing and number of vanes of 

the impeller were an engineering compromise between mechanical rigidity 

of the fins and the optiffi"tilll number of vanes for conveyance of fluid 

momentum from the impeller. 

Figure 2 shows the apparatus used for the air tests. The rotary 

member, consisting of shaft, motor-rotor and impeller, was supported on 

pillow-block flange-mounted ball bearings. TIle experimental impeller had 

59 equally spaced vanes, machined on each side, with the vanes staggered 

half pitch on the opposite sides. The impeller was mounted on the shaft 

and sandwiched between two close-fitting casings. A teflon packing ring 

was used for a shaft seal. Pressure tap connections were provided by 

drilling twelve equally spaced 1/8-i.n. holes on the circumference of the 

impeller casings, and also at the center of the outboard casing. For the 

suction and discharge ports, two 1 1/4-in. openings were machined radially 

into the casl.ngs on either side ot' the splitter of the constant area flow 

channel. A magnetic-type speed indicator pickup was mounted on the shaft. 

A 400-cycle, 4-pole motor, rated at 20 hp and driven by a motor-generator 

set, supplied the power to drive the impeller during the tests. 

After assembly of the experimental impeller and drive system, the 

test rig was piped in coni'ormance with ASME testing requirements. The 

instrwnentation :Lncluded a throt-<.::;le valve, an orifice flowmeter, and a 

bruik of mercury-filled manometers for pressure measurements. 

Some difficulties were encountered in the early test runs in estab

liShl.ng adequate running clearances. The use ot· axial clearances betwf5::;n 

the impeller and the casing of 0.005 in. at each side, and of a 0.007-in. 

radial clearance at the stripper, were found to be satl.sfactory. Filler 

plates had been provided so that the depth of the peripheral flow channel 

could be varied, and performance data were obtained at speeds from 6000 to 

12 000 rpm, for three different flow channel depths, at the clearances 

mentioned above. Figure 3 shows the head-flow characteristics of the 

experimental compressor, operated under the above conditions. 



5 

• 

CASINGS-__ 

IMPELLER 

Fig. 2. Regenerative Impeller Air Test Stand. 



30 

rfi 
>-
~ 20 
uJ 

0 
G:: u. 
w 
0 
I- 10 <I 
al 
<I 
0 
<I 

0 

17,000 

16,000 

15,000 

14,000 

13,000 

12,000 

11,000 

10,000 

9000 -
0 
<I 
uJ 8000 
I 

7000 

6000 

5000 

4000 

3000 

2000 

1000 

o 

6 

UNCLASSIFIED 
QRNL-LR- DWG 39231 

" 

10,000 rpm 
12 ,000 rpn;..,.--10.000 rpm -,,-- -... --_- ----12,o0orpm 

<D DESIGN POINT FOR %-in.-DIA FUEL ELEMENT; 600· F 
SUCTION TEMPERATURE 

® DESIGN POINT FOR Hn.-DIA FUEL ELEMENT; 600°F 
SUCTION TEMPERATURE 

@ DESIGN POINT FOR 34- in.-DIA FUEL ELEMENT; 300°F 
SUCTION TEMPERATURE 

@ DESIGN POINT FOR Hn.-DIA FUEL ELEMENT; 300°F 
SUCTION TEMPERATURE 

-

\!t, ................ ~\ I" 
'\ (£ v,.~~r.::t-...--'--c----

........... , ....... '\ ",~ 
... ~. ".... II. ... , 

I ~~. '.... .-10,000 rpm \~---r-----j 

_~~_.. "" .... r- .. :-::.,,, " \ 
""--'....... i '\ ® ..... , ~ 

. "'-. ...... ". ~ ~~,' i - ... --~. @ .--t-----j 

i~ ... ~~_, '" I .~. 8000rpm 

..... '" ~".~..... "YI~ . ----+------1 

, .~~-~----r-----r---__j 

~---~---+-----i--~-~,~-6~00-0-r-pm--4.-----j.-----1 
1 

I 
o 20 30 40 50 60 70 80 

Fig. 3. Air Flow in CFM at Suction Conditions of 85°F and 14.7 
psia vs Head and Efficiency. 

" 

.. 

.. 



7 

DESCRIPTION OF PROTOTYPE COMPRESSOR 

The design of the motor and bearlng hOUSing for the regenerative 

compressor, including the design of the cooling passages, was based on 

an earller design used for a centrifugal compressor. 5 The design of 

many of the parts for the two different types of unit was essentially 

identical, but it was necessary to make a number of modifications to 

permit the replacement of the centrifugal impeller by a regenerative 

impeller. 

Figure 4 shows a cross section of the prototype regenerative com

pressor. The impeller and motor rotor were mounted on a common shaft, 

supported on grease-lubricated ball bearings. Water cooling passages 

were provided by machining double-helical or double-spiral coolant passage 

ways, as shown in the figure. Additional heat sink capacity was provided 

by means of an annular coolant flow passage placed inside the hollow shaft. 

A thermal radiation barrier was placed between the hot gas surfaces and 

the bearing housing to help minimize heat transfer to the latter. A 

thermal sleeve arrangement was used to attach the impeller hOUSing to the 

compressor hOUSing to ellminate a sharp thermal gradient which would other

wise have existed. Barden 107H angular contact-type ball bearings were 

used, wlth a 90-lb preload.6 The water-cooling circuit was designed to 

maintaln the temperature of these bearings at approximately 150°F during 

normal operation. A 4-pole, shell-type induction motor, rated at 20 hp 

at 12 000 rpm (400 cps), insulated with Class H insulation was used. The 

motor was designed for constant torque operation at frequencies between 

200 to 400 cycles. The ratio of the applied voltage-to-frequency was 0.52. 

The motor was driven by an electrically driven variable speed motor

generator set. 

Figure 5 shows a perspective view of the regenerative impeller, which 

has a 10-in. diameter, and a symmetrical blading arrangement having 50 

51. K. Namba, op. cit., pp 2-4. 

6Communication from H. R. Berglund, Barden Corp., Danbury, Conn., 

Oct. 15, 1959, to A. G. Grindell, ORNL. 
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equally spaced vanes on each face, staggered at half-pitch on opposite 

faces. The impeller was mounted between two casings wlth small radial 

and axial running clearances. 

All major components of the compressor were fabricated from Inconel, 

with the exception of the steel used in the electric motor. 

TEST EQUIPMENT 

The closed-circuit test loop used in testing the compressor is shown 

in Fig. 6. The compressor was installed in a pressure vessel with its 

shaft horizontal to conform to the configuration used in the final test 

loop. Since the compressor package was designed to operate at temperatures 

up to 600°F, the pressure vessel, piping, throttling valve, and orifice 

meter were made of types 316 and 347 stainless steel. Several banks of 

clam-shell type electrical heaters were mounted on the loop piping to 

maintain the required operating temperatures. Dry helium supplied from 

cylinders was admitted to the loop piping through a regulator valve. 

INSTRUMENTATION 

The necessary instrumentation was provlded on the compressor and test 

apparatus to obtain over-all performance data under varying conditions of 

temperature and pressure. Helium weight-flow measurements were made with 

a sharp-edged orifice run, and a throttling valve was used to vary the gas 

flow. Static taps were connected to the suction and discharge lines to 

measure the pressure differential across the compressor. Thermocouples 

were placed on various sections of the loop and compressor for temperature 

indication and for high-temperature control purposes. In order to protect 

the compressor bearings, alarms were provided to indicate low coolant flow 

and high bearing and loop gas temperatures, together With automatic trip

outs to de-energize the loop heaters and compressor motor circuits if the 

loop gas temperature exceeded a preset pOint. An electronic counter 

(Hewlett-Packard) was used to determine the impeller speed. 

A Fielden proximity meter, in combination with capacitance gages, was 

used to determine the axial clearance between the impeller and the two 

, 

• 
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casings. Figure 7 depicts the installation of the capacitance gages in 

the inboard and outboard casings. Each gage assembly consisted of a thin 

disc of Kovar (a low-expansion alloy) embedded in heat-resistant glass. 

A Fielden proximity meter detected changes in the distance between the 

gage element and the impeller by measuring the change in capacitance be

tween the two parts. Periodic calibration of the instrument was made so 

that a reasonably linear relationship could be obtained between mechanical 

displacement and capacitance. 

TEST PROCEDURE 

Prior to installation in the test loop just described, a number of 

tests were made in a simple cold shakedown stand. The rotary element 

was operated at room temperature to verify operability of the rotating 

assembly, including the ball bearings; clearances between the bearing 

grease seals and the rotating members; and the reliability of the thermo

couples. Some difficulties were encountered in the initial operation of 

the capacitance gages and it was necessary to develop procedures which 

would permit obtaining reproducible relationships between the observed 

capacities and the measured mechanical clearances. 

During the cold shakedown runs it was found that the clearance between 

the impeller and the casings seemed to decrease after the unit had been 

operated for a period of time. The relative decrease was greater on the 

side of the impeller toward the motor than on the outboard side. 

For the first run in the hot test stand, the inboard (motor end) 

clearance was set at 0.010 in. and the outboard clearance was set at 

0.007 in. (the initial cold test clearances had been 0.007 in. on both 

sides). Shortly after startup of the hot test, while the loop temperature 

was being increased, the impeller rubbed against the outboard casing. Sub

sequent investigations showed that the center portions of the inboard and 

outboard casings were bending toward the impeller as the temperature was 

increased, because the expansion of these parts with increasing temperature 

was restrained by the motor housing (for the inboard casing), and by a 

pilot diameter in the pressure vessel (for the outboard casing) . • 
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Fig. 7. Regenerative Impeller Casings with Capacitance Probes • 



This situation was corrected for the outboard casing by providing 

spacers which moved this part axially away from the 

that its growth was not restrained. Since this 

diameter so 

of correction 

could not be applied to the inboard casing, the axial clearance between 

the impeller and this casing was increased. 

The room temperature values 01' the compressor running clearances were 

established at 0.015 and 0.025 in., outboard and inboard, respectively, 

with a 0.009-in. radial clearance at the splitter (interruption between 

inlet and discharge flow area). These values permitted operation of the 

compressor at all conditions from normal room temperature and pressure up 

and 600°F. The capacitance gage was found to be a very use-

ful instrument for this work. 

TEST RESULTS 

Compressor performance data were obtained at several speeds and at 

varying helium suction conditions. Figure 8 shows the head-flow charac

teristics, with values of impeller efficiency and motor power input super

imposed, at design conditions of 385 psig and 600°F. The design objectlves 

(see design pOint on Fig. 8) were achieved at a moderate compressor speed. 

The impeller efficiency was calculated by subtracting previously measured 

no-load motor losses from the measured motor pOwer input values. Since the 

no-load motor losses were not corrected for the increased I2R losses above 

no load, there are some minor inaccuracies in these data. 

Compressor performance was materially affected by changes in impeller 

clearances, whether deliberately established or resulting from thermal ef

fects. Figure 9 shows the compressor characteristics at design conditions 

of 385 psig and 600°F for two different over-all room-temperature im

peller clearance values (0.040 in. and 0.050 in.). On the basis of the 

capacitance gage readings, the O.040-in. room-temperature impeller clear

ance valve was reduced to about 0.016 in. at design conditions with the 

spacing equally divided between the front and rear of the impeller. The 

0.055-in. room-temperature impeller clearance value was beyond the range 

of the capaCitance gage, but it was estimated that the hot running clear

ance was reduced to about 0.030 in. In both cases, it was thought that the 

• 

• 
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rear impeller clearance was reduced significantly by the thermal dis

tortion of the inboard caSing, and that the reduction in the outboard 

clearance was primarily due to the differential growth of the shaft with 

respect to the main housing. 

Figure 10 shows the compressor performance at two different operating 

conditions (385 psig and 600°F, 165 psig and 100°F). The gas densities 

were within 15% of each other. It is suspected that the loss in per

formance at the lower temperature and pressure is attributable to larger 

running clearances and hence a greater leakage across the impeller. 

The similarity laws for dynamic compressors state that the ratio of 

volume flows of any given point on a characteristic curve will be directly 

proportional to the ratiO of the speeds, and that the ratio of the values 

of head will be proportional to the square of the ratio of the speeds. It 

was found that these laws hold for the test results shown in this report 

with sufficient accuracy for most practical purposes. 

DISCUSSION 

A number of regenerative compressors, similar in design to the proto

type unit described in this report, have been built during the past two 

years. A set of two compressors, connected in series, have been used to 

circulate the gas coolant (primarily helium) in the No.1 forced convection 

in-reactor test faCility at the ORR. Four compressors are assigned to this 

faCility, with two installed, and the other two used as spares. This 

facllity has been operated for more than 23 000 hours. 

Three additlonal regenerative compressors have been built for the 

No. 2 forced convection in-reactor test facility at the ORR. Two oi' these 

units are in parallel, with the third unit serving as a spare. 

The prototype compressor has been used to circulate helium in an out-of

pile facility for tests of various components, including heaters, cooling 

systems, thermocouples, and a shield plug. A total of more than 000 hr 

of operation has been accumulated by the various compressor units. 

Since it was not initially known for how long a period the grease 

lubricated ball bearings could operate Without relubrication, a deCision 

was made to the bearings after approximately 3500 hr of operation. 
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An inspection of the grease in the bearings removed from compressors 

after some of the earller test runs indicated that a substantially 

longer period of operation should be attainable without excessive 

deterioration. The interval between bearing replacement was then 

increased to 4500 hr and one compressor has been operated for thls 

interval without eVidence of difficulty. 

Data on the rate at which grease is lost from the bearings are 

given in a paper7 presented at a recent meeting. 

The problem previously encountered with improper flow distribution in 

the water cooling passages of the ORNL centrifugal compressors was t'ound 

in these regenerative units. The difficulty was remedied by plating the 

interior of the water passages by the Kanigen (electroless nickel) pro

cess. The plating solution was circulated through the water passages for 

a period of several hours at an appropriate flow and temperature. Al

though the extent of plating deposition inside the water passages was 

not fully determined, subsequent tests indicated that the motor and 

bearing housings were adequately cooled after the plating operation. 

If the need should arise to build a substantial number of regenerative 

compressors of the type discussed in this report, consideration should be 

given to redesigning the cooling passages so that they would be less ex

pensive to fabricate. The present water cooling passage design was taken 

directly from that of the centrifugal compressor to avoid the time and 

costs involved in a redesign. In the centrifugal compressor application 

helium flowed at a relatively high velocity over a thin shell adjacent to 

the major diameter of the motor hOUSing, and it was necessary to prOVide 

a substantial amount of water cooling for this area. This reqUirement is 

not for the regenerative compressor, since the gas surrounding 

the motor housing is essentially stagnant. It should, therefore, be 

possible to prOVide a simpler cooling geometry for the general arrange

ment adopted for the regenerative compressor. 

71. K. Namba, "The Performance ot' Grease-Lubricated Ball Bearings in 
Small Compressors," Rotating Machinery for Gas-Cooled Reactor Application, 
TID-7631, June 1962, pp 215-227 . 

. K. Namba, op. cit., p 9. 
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CONCLUSIONS 

As compared to a conventional centrifugal compressor, the regenerative 

type of compressor described in this report has exhibited the following 

characteristics: 

1. It produces relatively high heads at very low flow rates. 

2. No surging problems have been encountered at any value of flow 

down to and including shutoff. 

3. The slope of the head-capacity curve is very nearly linear for 

this particular aerodynamic configuration. 

4. At any constant speed the motor power requirements decrease as 

the flow is increased. 

5. The aerodynamic efficiency of this type of compressor is 

relatively low. 

The primary use oi' the regenerative compressor appears to lie in 

those areas where high head requirements (high values of pressure rise) 

are combined with low volumetric or mass flow reqUirements. In such 

cases one regenerative compressor can be used to replace two or three 

centrifugal compressors connected in series, and can be operated at 

lower volumetric flows than the latter type of compressor without 

surging. While positive displacement compressors could produce combi

nations of head and flow similar to those of the regenerative compressor, 

all positive displacement units studied to date give rise to problems of 

excessive gas outleakage, mechanical difficulties, and large size. 
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