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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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Radial clearance, in.

Bearing diameter, in.
Frictional force, 1lb.
Dimensionless force - 1/8
Acceleration, in/sec.?

Beéring length, in.

Mass, lb.sec.2/in.

RPS '

Pressure over projected area, psi
Ambient pressure, psia

Loading pressure, psid

Bearing radius, in.
Bearing load, 1lb,

2
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Sommerfeld Number - P

Angle between load line and center of bearing arc

Eccentricity ratio :
Compfessibility number - Suw (%)
Viscosity, 1b.sec/in.2 ’ 8
Attitude angle, degrees

Angular velocity, rad/sec.

Superscript

Dimensionless



I. INTEODUGTIQN

— Y5 Ehe Tasv decide’ gus pearing tchnology has coums of zge and numerous
applications have emerged. Most of these are in the fields of specialized
turbomachinery and instruments. This paper is devoted entirely to the
former. :

'

The purpose of the authors is to discuss some of the reasons why gas
bearings are being applied and to outline several of the factors that must
be considered in selection and design. At the same time, attention is
focused to the limitations of current knowledge and on a number of remaining
problem areas. Illustrations are given for rotors supported in self-acting
and in externally pressurized gas bearings. These rotors range from a
fraction of a pound to several hundred pounds in weight.

The authors feel very strongly that gas bearings are no longer an art
or a demonstration model.. A well defined technology has been established
and accounts for the many successful applications. This is not to say that
further technological advances are no longer neeced. In fact this paper
stresses several problem areas and limitations in order to alert the designer
and to caution him against misapplications. ’ T :

I1. DISCUSSION

The growth of gas bearing applications can best be answered by raising
the following question:

. Why Gas Bearings?
Immediately a number of advantages emerge, such as:

No contamination of the system environment by the lubricaat.
Operation over a wide temperature range.
Resistance to thermal breakdown of the lubricant.
Resistance to damage by radioactivity.
High reliability and long life. "
Low-and constant friction.
Close position control and low” vibration.
%%gimized leakage from gas system.

Both commercial and military groups are taking these advantages and
applying them to many products. Some of these are listed in Table I.

.

o~ E W
L L]
vvvv.\/vvv

As evidenced from Table I, the application of process fluid lubrica-
tion to compressors and turbines offers many advantages. It is for this
reason that many successful applications in this area have been developed
over the last few years.

The Office of Naval Research early recognized the potentials of gas
bearings and coordinated a govermment sponsored, interagency program to
support fundamental work in a number of companies, institutes and
universities. This continuing program has been the single most important
factor in the establishment of gas bearing technology. Fundamental and
systematic advances in knowledge have also come from a nuzber of sources

¢
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overseas including, in par;icular, the United Kingdom Atomic Energy
Authority, join:_n-:orts by the Japanese Universities and industry &8 i

as

At

vwell as research i{nstitutes and universities in the Soviet Union and Rumania.

and

The technology is quite complex because {t iavolves norn.inear mechanics v

a wide range of interreiated paramecessS. Without a clear underszanding

of this technology one must resort O triai &nd error pr.:edure which can be
extremely costly. In some cases, in fact, che development effort suffered

because of this approach and was stodped arter a considerabie expenditure of

funds. v

A clear understanding of gas bearing rechnology still does not guarantee

successful applications. This is because & machine 1is composeé of mamy other
elements beside bearings. The behavior of many of these elements 1is sometimes
unknown and the interactions in the system are even less well understood. Ill
defined forces due to magnetic and electrical dissymmetries of high frequency
motors are a good example of such design pitfalls. geveral disciplines, &.8-,
heat transfer, aerodynamics, stress analysis,_material engineering and
electrical engineering enter into a successful design.

To illustrate the effect of a few of the parameters and some 'of the

{interactions an example is given below:

Example

It is required to design a motor driven 100 HP compressSor, which
would operate on self-acting gai bearings. Aerodynamic considerations
require the compressor to operate somewhere between 12,000 and 24,000 RPM.
The example 18 simplified by assuming that within this speed range there
are no rotor instabilities OT dynamic problems and no problems of heat
transfer or stress. There still remain 2 number of considerations, a
few of which are chosen here to illustrate some of the interactiomns.

Experience has shown that in the range of 100 HP the weight of a
hollow rotor assembly is in the order of 1 1b/HP (Fig. 15). On the
other hand solid rotors would be about 1.5 1b/HP, From the stand-
point of material compatability and without external pressurization

for starts and stops, the load on projected bearing area should be about
2 psi. This requires for the 100 HP hollow rotor a bearing area of

50 square inches. With bearings of L/D = 1 the two bearings would,
therefore, be 5" X 5. For a solid rotor the loading would go to 3 psi
or the bearing area would have to be increased to 75 sq. in. With a
larger diameter Totor the ratio of 1.5 1b/HP may be exceeded; this is
an undesirable condition. The required starting motor torque for the
hollow rotor using compatible materials with a coefficient of friction
of 0.1 would be 25 in.l1b. This presents & high starting torqué, which
requires oversized motor windings and power supply. With the solid
rotor the situation would be 50 percent WOTSE.

At 24,000 RPM a hollow steel rotor 5% 0.D. and 4.5" 1.D. has a
centrifugal ‘radial growth of 1.9 x 10-3 in., while a solid rotor grows

-only 0.4 x 10-3 in. The radial growth of the hollow rotor 1§ excessive

unless a design was provided to compensate or ijt. Yet radial growth
or decrease in radial clearance with increase in speed can be taken
advantage of since there exist regions in the stability plot where the
instability thresnold rises with reduction in clearance. This observa-
tion was i{llustrated in Ref. 2 anc wili pe discussed further in this
paper. Omne could cite other inter .ctiomns but this will suffice to
illustrate the point that successful turbomachinery application demands
an understanding of the interactions and a proper balance between the
various factors.

-2
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Rgtor-BeaEing Considerations

Numerous reports and papers have covered various aspects cf gas

hearinge and rotor dynanics. Sircc reference cannot be made to a:il of

- e e —-ghems, o0ly & Toceat bibliography (Ref. i) is referred to. 1In addition

reference is made to publications Dy the authors which are used in this
paper. .

In Refs. 2, 3 and 4 the effect of bearing grooving, position of
venting orifice clearance, L/D, eccentricity ratio, mass o weight
ratio and compressibility numbor were studied as a function of load
carrying capacity arnd threshold of Hali Jroequency Wnirl. Tnis paper
extends the past woTrx. =% solccts a comnoa.y used bearing with
L/D = 1 and shows the eliect of ambient pressure, external force,
bearing arc, and direction of force on load carrying capacity anc
threshold of instability. '

'Plain Cylindrical Journal Bearings

Load carrying capacity, attitude angle and friction force as
a function of compressibility number and eccentricity ratio are
shown in Figs. 1, 2 and 3 respectively. Note that theory and
practice are in good agreement. The effect of clearance on the
threshold of instability is shown in Fig. 4. Two theoretical
approaches, the Linearized PH-Quasi Static and the Non-Linear
Galerkin's Method are compared to available experimental data.
It has been noted that the Linearized PH-Quasi Static theorxy
(Ref. 5) always gives safe criteria and that tl.e trends are
similar between theory and experiment. The effect of L/D ratio
on the threshold of instability is shown in Fig. 5. Note that
the lower the L/D ratio, the higher the threshold speed. This
means of raising the instability threshold is achieved at the
cost of increased unit loads and thinner films. The effect of
eccentricity ratio on threshold of instability, using Galerkin's
Method, is shown in Fig. 6. This figure gives a complete
stability map for a bearing with L/D = 1, Similar maps are given
in Ref. 6 for other L/D ratios. The effect of orifice venting on
threshold of instability is also shown in Fig. 7. Note that an
appreciable increase in threshold speed can be achieved by proper
location of the venting orifice.

The above discussion has pointed out some factors which
influence the rotor-bearing design. It is evident that even with
a simple geometry, such as plain cylindrical journal bearings,
the number of design factors is large. This bearing configuration
{s of interest because of its simplicity, high load carrying
capacity and ease of manufacture to the tolerances required.
Furthermore, it expands uniformly and is more resistant to thermal
distortion than other less symmetrical bearing types. Its main
disadvantage is its low threshold of instability. Nevertheless,
the plain cylindrical journal bearing or one with very few minor
modifications is adequate in many applications.

Partial Arc Journal Bearings

Applying most of the adver -_es and recognizing the
limitations of plein cylimcuico. Zzurnal bearings, “TI has
developed a bearitg configuracion wiicth nas appreciably higher
threshold of instability and one whose fabrication is only
slightly more complex. This configuration is discussed next.

-~




In Pig. 7 it was shown that the threshold of instability
could be raised by the elimination of subambient pressures; thris
wag accomplisired by an orifice which introduced ambient pressure

et e

-

to the diverging region of the bearing. 1In FPig. 6 it was shown
that the threshold of instability could be raised by increasing
the applied force. It was further recognized that it would be
desirable if the applied force increased with speed. All of these
features have been incorporated in a design patented by MTII as
shown in Fig. 8.

The load carrying arc of the bearing consists of plain surface.

The diverging film arc of the bearing is grooved. This region
generates hydrodynamic pressures which are above ambient. . The
magnitude of the pressure is a function of bearing geometry and
compressibility number. In this way a force is generated which
incr.ases with speed. The load carrying capacity is alsoc a

function of compressibility number and bearing arc. Such a
configuration, therefore, generates above ambient pressures in

both converging and diverging regions of the bearing.

Fig. 9 shows load carrying capacity and attitude angle as a
function of bearing arc and eccentricity ratio for a given
compressibility number and L/D ratio. Similar curve$ have been
obtained for other compressibility numbers and L/D ratios. Note
from this figure that the decrease in load carrying capacity
between 360° and 120° bearing arc is only about 50 percent. In
most cases the higher threshold speed raises the load carrying
capacity which more than compensates for the reduction caused
by the bearing arc change. The higher threshold has many other
advantages in turbomachinery applications. Fig. 10 shows two
such bearing configurations. Using this principle, tests were
conducted to show the effect of several parameters on the
threshold of instability. Fig. 11 shows the test rig and
instrumentation. The test rig is instrumented to study load
carrying capacity, attitude angle and rotor stability as a
function of bearing geometry, compressibility number, weight,

‘mass, unbalance forces, magnetic forces and hydrostatic forces.

Some of the results are illustrated in Figs. 12, 13 and 1l4.
0" “

Fig. 12 shows whirl threshold speed as a function of ambient
pressure, angle B, and hydrodynamic load P;. Note the large
gain in whirl threshold speed between the 38 = 0°, Py, = 0 psid
and g = + 120, Py = 5 psid. In fact a 12,000 RPM rotor is
unstable at ambient pressures above 35 psia with the first
bearing and it is stable all the way up to 500 psia with the
second bearing.

Fig. 13 shows whirl threshold as a function of hydrodynamic
pressure, ambient pressure and L/D ratio. Note the change of
whirl threshold with change in L/D ratio. For the pz = 500 psia
and 12,000 RPM condition, discussed before, the L/D = 3/4
bearing will require less than half of the hydrodynamic load for
stabilization. Further improvements can be obtained by varying
the angle B.

]

The manufacture of these bezring. is quite simple. Several
techniques can be used, e.g., etching, plating, machining, etc.
The particular application will generally dictate the best method.

L




While .these bearings pcss ess numerous advantages they have
the disadvantage o’ load direcction sensitivity. This can be overcome

by mAKInZ the besring lomger with  gets of ¢rooves-all around the

circumference but displaced axiaiiy. In eflect, this is equivalent

to several adjacent bearings with the piain and grooved portions fors
at different angles with respect Lo the 10ad vector. Such a design }5}'
{s cumbersome and makes thie machine longer and more expensive. For K
good design one should know the magnitude and direction of the load. :
Thus, the disadvantage only presents itself where the load direction
is variable. T-is brings us to the next point in the discussion.

Dynamic Forces and “nstzhilitias

There are =z nunber of scurces of dynamic forces on the rotor.
Some of these are internal to che machine (Gel. to Jig. L4) and
others are exteranal. 7.2 most common is the mechanical unbalance
force wnich produces Synchroncus Vnirl. The amplitude and phase
angle of this whirling motion Las been anaiyzed for rotors in plain
cylindrical journal bearings anc is well understood (Refs. 7 and 8).

$ .

Motor driven rotors can impose a number of dynamic forces
(see Fig. 1l4). During starting the rotor may have to pass through
a number of electrical resonances. The force magnitude at these
resonances may be several g's as seen in Fig. 14. In general
electrical motors also produce magnetic forces with a frequency
of two per revolution. The presence of these forces, together
with the once per revolution mechanical unbalance produces a three
leaf pattern.With electrical power cut off the thpree leaf pattern
reduces to once per revolution synchronous whirl as shown in Fig. 1l4.
With motor slip the three leaf pattern resembles a propeller. In
addition, magnetostrictive forces in a motor produce excitation
whose magnitude is time dependent and whose resonant frequency
depends on electromechanical design. This force produces a beat
(see Fig. 14). The magnitudes and frequencies of all the electrical
forces are much less predictable than the mechanical forces and can
cause considerable trouble.

Aerodynamic pulsating forces are extremely severe' in the
compressor surge range. Their magnitude and condition of occurrence . - :
depends on both the aerodynamic (impeller) and the system designs.
While methods are available for reasonably accurate predictions of
the surge line, the calculation of force magnitude in the neighbor-
hood of surge is not readily attainable.

A number of other resonances can be troublesome. For example,
a flexibly mounted bearing can be excited by external vibrations
which are transmitted through the casing. In the case of externally
pressurized bearings, pneumatic hammer is another source of trouble.
In addition the self-excited fluid film instabilities must, under
all conditions, be avoided. When such instabilities set in the
self-acting fluid film forces will rapidly go down to zero and the
fluid film is unable to support any load. (3See Fig. 14.) This
subject has been stucied quite extensively and stability maps at v
least for plain cylindrical bez.Inz. and symmetrical rotors are E
available (Refs. 5, 6 and 9).

Dynamic forces and instabilities have thus far been the
greatest barriers to successful applications. Numerous exampies
can be cited of unsuccessful applicationms in which dynamic
conditions were ignored during design. This should not be




surprising since similar situations axist with oil bearing
supported turbomachinery. With gas ‘bearings this condition is

aggravé?ea'sy'tﬁé”fbcf'?héf Fotors générally opefate at high speed’ ~ -
and a failure can be catastrophic to the rotor and bearings. The

degree of damage depends almost entirely on material compatability

since boundary ‘lubrication is absent.

These points are discussed here tO alert the designer to some
of the factofs that e nmust consider :im his application. It cannot
be emphasized too scrongly that, new applications, t-e designer
should always resort to carveful analysis and well instrumentaced
test runs, ratier than trial and &rrdf proceduTe.

I11I. EXAMPLES OF ROTCR-BEARING SYSTIMS

In the discussion of this paper several parameters and interactions
were discussed. Awarenees of these factors and fundamental understanding
of the interactions weIre used in the development and design of several
succes%ful systems. Some of these are given in Table II.

'l

Analysis of a number of self-acting motor driven-and hybrid turbine
driven machines {ndicate that for nigh HP (ratings -~ 200) congsicerable
reduction in weight is possible by use of the latter drive (see Fig. 15).
The motor driven rotors range between 12,000 and 24,000 RPM. Considerably
higher speeds are possible with turbine drives which permit decrease in
weight and more nearly optimum system design. Another advantage is the
reduction in bearing size. With hybrid bearings the psi loading in
numerous applications is comparable to oil lubrication which makes it Two
orders of magnitude greater than the self-acting bearings. Some additional
comparisons between self-acting and externally pressurized journal bearings
are given in Table III.

Several of the self-acting, motor driven rotors and hybrid, turbine
driven rotors are shown in Figs. 16 and 17 respectively. Their weight-
horsepower characteristiés are included in Fig. 15. 1Included also are
examples of self-acting, motor driven fans and circulators ranging from
0.4 - 175 HP (Fig. 18), and hybrid,~turbine driven compressor, & feed
water pump and generator.(Fig. 19). Both larger and smaller rotors are
being :nvestigated for several new applications;

IV. PROBLEM AREAS

Even though gas bearings have been successfully applied to several
machines, there still remain a number of problem areas which demand
further developments. Some of these are listed in Table IV.
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turbomachinery applications are now possible that take advantage

of process fluid lubrication.

2.) The next few years wi.l see very rapid ircrease in the number of
i commerci.: sz We-- a@s mililary uases of g&s obearings. Development
costs are wa. vanted because of the many advantages of process
fluid lubricatior.

3.) Expensive, often futile, trial ard error as well as misapplications
can be prevented by ¢areful consideration of the me..y per formance
paremeters and system interactions.

: 4.) There remain a number of problem areas; however, these are defined
and will yield to additional research and develiopment.

5.) Most applications to date have been motor driven machinery with self-
acting bearings. It is expected that turbine driven machinery with
hybrid bearings will comprise an increasingly larger share of
future turbomachinery applications because of higher speed and
greater economy of design. This is particularly true in the
higher power ranges (greater than 200 HP).
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TABLE 1

ADYV:NTACES AND APPLICATICNS

AR Industry Apnlicat-ons
7 . No Contamination Nuclear . Pumps, COMDYESSOTS, blowers,
circulators, turbines, motors
p Chemrical Ccmpressors, turbines, expancers
- Food Compressors, blowers, circulators,
, motors
o Pharmaceutical Compressors, blowers, circulators,
. motors )
ig_ Refrigeration Compressors, expanders
- Medical Dental drills ‘
' Low-High Temperature Refrigeration Cryogenic compressors, expanders
: Space Turbines, compressors, generators
%:A Utility Turbines, compressors, generators
;. ' Nuclear Pumps, compressors, turbines,
5 motors
¥ ’ .
3 Radiation Nuclear Compressors, turbines
2 SRR
i i Space Compressors, turbines, generators
i
i:} -
[ High Reliability and Nuclear Compressors, blowers, circulators,
< Long Life turbines, motors, generators.
-
“ Space " Compressors, turbines, motors,
‘ . generators, gyros, disks, drums
Textile Spindles
Consumer Motor, generators, COmMPIressors,
blowers, circulators, fans,
recorders, computers
Lg!'and Constant Friction Electrical Dynamometers
: Military Gyros, accelerometers, turm

Close Position Control

and Low Vibration

Machine Tool

Conmsumos

tables, optical scanners

Grinders, turn tsbles

Recorders, computers, dental
drills




TABLE 11

SPECIFICATIONS FOR TYPICAL MACHINES

'
-
T

Bearing design

Performance (actual or predicted)

. Type gas speed, | drive _at 1nlgt’ head, | roeff . (l-stage)
?Achine Design Status used | rpm hp flow, ckm T, F|P,psi| ft. 'Q/ND3 4
| type 1s hy: . :
' £ “Compressors, Blowers and Circulators
1 Begenerative MTI delivered self-acting He 12,000 8 6.1 100] 492 6,600| .00603 | 2.820
2 @entrifugal MTI delivered self-acting| He | 12,000 75 972 | 600| 500 | 7,560| .09230} 0.710
3 Bodified MTI delivered self-acting He 18,000 10 58,5 (1,000 500 |11,250 .00625 | 0.657
gentrifugal -
4 Qentrifugal MTI {n constr. | self-acting| He | 23,000 140 1,332 | 245} 236 |21,800{ .09890 | 0.695
. (aero)
$ fwo-stage MTI in constr. sclf-acting| -- 10,800 35 400 - - 6,¥20( .06940 | 0.540
gentrifugal b A
6 Regenerative MTI delivered self-acting| Air 3,600} 0.125 9 70{14.7 638 .01545 | 2.210
7 Two-stage MTI designed self-acting| Air 12,000 10 37.4 1 200] 15 {12,450| .01759 | 1.610
fegenerative
8 Pwo-stage MTI preliminary| sclf-acting) Mix. 52,500 59 336 70|14.5 {63,500 .05340 [ 0.632
ontrifugal design {aero)
9 ial MTI preliminary| self-acting Air 30,700 250 8,430 90l14.5 {10,365( .83600 | 0.270
design (aero)
10 Axial MTI preliminary| self-acting Alx 18,280 250 12,880 90|14.5 6,770 .84800 | 0.270
S design (aero)
-1 X1 V¥iscous MTI preliminary} self-acting Air | 24,000}, - 0.55| 1s0| 20 |15,270| .00018 | 1.25
}Double-sided) design : :
12 Gentrifugal GE delivered ext,.-press,| He 24,000 10 57.4 180] 215 | 9,220} .01477 | 0.688
13 gentrifugal GB delivered ext.-press.| Nj " | 24,000 10 47.4 180] 215 | 3,350 .04113} 0.518
Turbines
MTI in constr. self-acting| He 23,000 140 - |1,600] 250 - - -
' (aero)
MTI in coustr. | self-acting| Air | 11,500 2 - 100(26.7 - - -
(aero)
MTI1 preliminary self-acting| Mix.| 52,500 59 - [1,450] 48 - - -
deaign (aexo) (cfnt'd. on next %age)

‘i
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: .
{(cont'd) TABLE I
Bearing désign Performance (actual or predicted) L |
Type gas | speed, | drive at inlet: , | coeff. (l-stage)
Machine Design Gtatus used rpm hp flow, cfm T,°F G ¥
S .,,pe SN JL X 00 1) S IS | S, -
B ) N lectrical
17 ttoc- M1 proposed T self-acting | He 3,600 | LOKW - - -
Guaecrator .
1“ o est Rotors
| 18 \},ertmal ML deliveved self-acting - 10,800 40 - - -
ltistage ) B '
19 Turbo - NS on tast ext.-press, Ny 35,000 35 - - -
NPT AS SO
20 Single staze MII | tested self-acting | Air | 24,000 10 - - -
21 Sh.blc stage MTI tested self-acting | Air, | 24,000 10 - - -
He *
22 Sh‘lglﬁ i MTL constructed | self-acting | Air 18,000 10 - - - i
23 Single siage MIT constructed | self-acting | Air, | 18,000 10 - - - '
] ' : He '
— _— - L - 4
: rbo Pump ;
Y ’ - N ]
24 Heed Water GE & designed ext,-press. | steam - - - - - i
* Bump MTI {
|
~ i
Q = actual inlet cfm; N = rpm; D = impeller tiﬁ dia., tt; ¥ = head coeff. = g x head/Uz‘; U = tip spéed, ft/sec
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TABLE I1T1

EXTERNALLY PRESSURIZED BEARINGS

SELF-ACTING VS.

Operating requirements

geometry, speed,
and fluid proper-
ties

geometry, fluid
properties

, Materials Auxiliary
Rearing Load-carrying Max. stable Starting compati- equipment
- systom capacity speed torque bility ncaeded
Extgrngfiy pro.urized Depends on supply Very "Very Minimum Separate compressor
(hydrostatic) pressure and High Low problem or other continuous
bearing geometry high pr-'s. supply
Sclff-acting (hydvodynamic) Limited by speed, Depends mainly on | Depends on Carefully Mone
with dry starting be cing grometry bearing and rotor | choice of select
) and [luid proper- geometry, fluid materials as | materials
I ties propucties limited by for mini-
‘ fluid roper- mum wear
i ' ties during -
starting &
1 : stopping
Sellff~acting with hydro- Limited by spced, Depends mainly on | Very low Minimum Reservoir of fluid
static starting and bearing geometry, bearing and rotor problem for starting,
stopping and fluid proper- geometry, fluid stopping
i ties properties
“Hybrid (combined externally Depends on supply Depends mainly on | Very low Minimum Sc¢parate compressor
prcPSurized and self-acting) pressure, bearing bearing and rotor problem or other continuous

high-pressure
supply

s &




Rotor-Bearings

"o Self-Acting
CoE (Bydrodynamic)
3.
o Hybrid

“ (Externally Pressurized
e Bearing with Rotation)

-

Electrical Motors

L Reljability

Problem freas

Instability (Fiuid Wrirl, Resonant Whip)

Dynamic FPerformance (Critical Speeds,
Synchronous ¥Whirl, Shock, Acceleration,
Response toO Ixternal Vibration)

Performarnce under Misalignment

Materials (Compatability, Fretting,
Coefficient of Friction, Stability)

r

Instability (Fluid Whirl, Resonant Whip,
Pneumatic fammexr)

Dynamic Performance (Critical Speeds,
Synchronous Whirl, Shock, Acceleration,
Response to External Vibration)

Per formance under Misalignment

Lockup

Pressurized Flow Requirements

Materials (Erosion, Fretting, Stability)

Magnetic Dissymmetry

Electrical Resonances

Compatability of Materials with Gases and
Vapors.

Unavailability of Motors with High Power,
High Speed and Light Weight

Unavai.ability of Motors with High Temperature
Insulation

Effect of Time on Performance

T
.

BT YO
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ONSET SPEED - RPM

8000

7000
6000 b
5000
4000 ;
L/D: | 180
01 2u 4
3000—  ¢: oo0n47" ROTOR
P, = 14.7 PSIA 30° i 270°
2000l p=27x10°9 LB SEC/INZ vel))
W= 11.01LB
I(XX) M= 2202 LB NOTE O° ]
CURVE OBTAINED WITH
0 lOPEN ?RlFICEl
0° 60° 120° 180° 240° 300° 360°

HOUSING (ORIFICE) POSITION

Fip 7 -85
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SYNCHRONOUS WHIRL

100, 200, 300 and 400 cps
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SELF-EXCITED INSTABILITIES

1ot/ 2

Unstable Aetm‘ 4+ Be
Self-Acting

Stable Aeimt

-

5000 rpm, 220 p in/div ' 12,400 rpm, 220 u in/div

- Unstable - Hybrid

. P, = 275 puig P 30 psig

317 cps
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Test Rotor

Test Rotor

T

Thrust runnér Left journal
Thrust bearing bearmng

for externally-pressurized gas bearing system. closed-cycle gas turbine (item 19, in table)
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Fan

M
) {
Iy
S ——— ~ROTATING

BEARING
AIR FLOW 1

i | (] WINDING

STATIONARY
THRUST BEARING - STAHOESRY
BEARING
ROTATING 1
THRUST BEARING ; ¢ e ’ STATOR
| 4 -

ROTOR PROP

12,000 rpm, 8 hp, 100 F, 500 psi, self-action bearings

tem 1, Table 1I)

uiator

12,000 rpm, 75 hp, 600 F, 500 psi, self-acting bearinge
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Turbine-Driven Compressor
supported on gas self-acting journal
and thrust bearings

(items8 and 16, Table II)

EEEn S

Suction l —Steam-
\ lvbricoted
Worer- | bearing
ludricoted ]
beoring

‘I Lischorge
Turbine-Driven Pump
supported on v.ie steam bearing and one

water bearing

(item 20, Table 1I)

S o L 2 VDT 2 A

Figere &

Turbo Generator

2000 KW, 60 cycle, 3600 rpm

}
i SO

29 L o T Z AT
Ly Tk S

m;.)v—aﬁ



