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Self-acting - (Waed interchangeably with hydredymamic) - a bearing system

GLOSSARY OF TERMS

which the journal and besaring are separated ty a fluid film

resulting from

pressures generated by relative displacement and

motion of the surfaces,

Externally Pressurized - (Used interchangeably with hydrostatic) - a bearing
system in which the journal is separated from the bearing by fluid

film established due to intreduction of presaurized fluid into the

clearance betw

Hybrid Bearings - A bearing

features.

Steady State Performance -

een them.

system combining self acting and externally pregsurized

A condition at which the fluid £ilm pressure is

distributed independently of time, i.e., stationary journal axis.

Parf ce - A cond
that local gas
cperation are:

a.

ition under whick the axes of the journal moves so

film pressures vary with time, Examples of dynamic

Start-up and shutdewn transients
Motion excited by rotating load
Motion excited by reciprucating load

Bearing instability (H.,F.W., F.F., W., and
synchrenous whirl as described in this paper)

Whirl Ratio - Ratio of frequency of shaft rotation to frequency of shaft whirl.
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LIST OF SYMBOLS

Length/Diameter

m/w

Radial Clearance, 1 inch

Bearing Load, lbs.

Polar Moment of Inertia, #/eec.zlin.

Translatory Mement of Inertia, #/aec.z/in.

Radial Bearing Stiffness, #/inch

Radial Translatory Stiffness Evaluated at w,, #/inch
Angular Velocity, rad./sec.

Angular Velocity at Onset of H.F.W. - Conical Whip, rad/sec.
Angular Velocity at Onset of H.P.W. - Translatory Whip, rad/sec,
Bearing Span c=-c, inches

Bearing Length, inches

#/lec.2
{nch

Masg,
Ambient Pressure, psils
Bearing Radius, inches
Eccentricity Ratio

Compressibility Number

Viscosaity, !{5%9*
n

Attitude Angle, degree
Radial Stiffness Under Misaligned Conditicns

Static Spring Stiffener

Radia] Hydrocdynamic Ferce

e

Tangential Hydrecdynamic Ferce

irches

Zcecentricity -
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1. _INTRODNCTION

The theory of exterzally pressurized bearings, despite valuable contributions
bty some investigators, 1 still in its initial stages of evelution. Most of
the solutions presently available (Refs., L1, 2, 3, 4, page 18) disregard
rotational effects and as such can only be used with fair accuracy to detarmine
the static load catrrying capacity cf externally pressurizedgbearings. However,
gince shaft rotation can have serious effects on the performance of externally
pressurized bearings, it nmust be included in any analysis if the latter is to
serve as a useful and reliable tcol to the designer of systems utilizing hybrid
(hydrodynamic-hydrostatic) gas bearings. The effacts of rotation can be dividad

into two categories:

1. Effect of rotation on leocad carrying capacity
and f£low,

2., Effects of rotation on dynamic performance of a
rotor-bearing system.
Regarding the first category, a recent thecretical amalysis which includes the
effacts of rotation, shows that the hydrodynamic effect may or may not have &
significant influence on the hydrostatic lcad capacity; its effect depends upon
the operating conditions (Ref. 5, page 18). Effects of rotaticn on the dymamic
behavicr of the rotor-bearing system, however, can be quite severe and plagued
by various types of instabilities which have bean recegnized and can broadly be
defined as:
1. Czritical Speed

This 48 a rotating speed of a journal which corresponds tc the

. resonant frequencies of the system, (The system critical speeds

include rigid body as well as bending or torsional critical speeds),

[N,
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Half-Frequency Whir)

A special case of instability genarally asscciated with self-acting
journal bearings. This instability occurs when the journal speed
reaches a critical value. The journal axis whirls at a £requency

of one-half or nearly one-half of the journal speed in the same
direction as the journal rotation. The motion of the journal axis
can be either conical or translatory.

Fractionsal=Frequency Whirl

The subject phencmenon is a special case of instability generally
associated with hybrid journal bearings. This instability occurs
wvhen the journal speed reaches a critical value, The journal axis
whirls at a frequency which is a fraction of the journal speed in
the same direction as the journal rotation. The motion of the
journal axis can be sither conical or translatory. (The expression
for the fractional frequency is given in equation 14, (page 15).

and 4in the limit where self-~acting forces predomirate, it approaches
the half-frequency whirl),

Rnaumagic Rapmex

This 4is & self-excited oscillation in the flow system of an eaxternally
pressurized bearing. This escillatien does not necessarily require

shaft rotation.
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11, _TRST EQUIPMENT

Figure 1 presents a plcture of the teat rig which consists of a housing
incorporating two jeurnal bearings, the lemgth of which can be changed up
to 2 inches maximum, The shaft ig 2 inches im diameter and accemmedates a
Terry-type impulse drive turbine on eme ead, The turbine empleys full arc
admission to minimize aserodynamic forces en the rotor., A dusmy wheel is
mounted en the other end of the rotor to provide roter symmetry, decrease
coastdown time, serve as a speed signal generating device, and & direction

of rotation reverser,

The bearings (leaded-brongze) are externally fed through a total of aight
orifices per bearing with all connections extending to a comrmen mamifold for
each individual bearing. The orifice holder (figure 2, page 24) includes a
removable orifice inmsert to facilitate quick orifice ehanges, In additien

to the replaceable orifices, fixed orifices (.052 inch) are permanently
incorporated in the journal bearing. This series orifice combiration providas
a means for changing the faeding system from orifice compensation to a combi-
nation of orifice-inherent compensation, or pure-inherent compengation through

changes in replaceable orifice diametaer and clearance,

Each bearing is fed via flowmuters shewn in figure 1, The two meters showm
for each bearing cover a range from 0 - 1,5 scfm with accucacy ramging from
2% - 8% of measured flow, Pressure gages calibrated toc indicate absolute

pressure with accuracy of + .5 psi are used te register supply prassure lavels.

Loading is accomplished through an air piston connected through a flexible foll
to a 180° recessed gas journal bearing. The piston pulls against the foil which,

in turn, applies a uniform load to the shaft. Since this system permits uniform

-3



and indirect (through air £ilm) load application, damping applied through the
loading device which may effect onsets of instability can be considered
negligible, Due to instability encountered on the loader bearing above

40,000 rpm, the use of the same had to be restricted to speeds belew that
level. The nature of this instability was not determinad; however, it should
be noted for future references that the bearing was 2 inches in diameter with
0.001 inch radial clearance and a recessed depth of 0,0005 inch, with 3/16 inch
wide lands running around the entire perimeter. A centrally located 0,25 inch

dismeter hole was used to admit external air under pressure,

Each bearing end is supplied with four capacitive probes placed 90° apart with
the output of each fed directly through proximity meters to a cathode-ray
oscilloscope (CRO), Calibration of the CRO screen with the probe input permits
determination of shaft position with accuracy of + 25 x 1076 inches or better.
The same probe outputs are also used to determine frequancy of oscillationm,

criti{cals and phase relationships batween both ends,

Two thrust plates externally praasurized through O - 0,020 inch diameter orifices,
as shown (n figure 3, are used to contain the rotor in the axial direction. Total

axial play amounts to 0.004 inch.

The entire unit is mounted cn a heavy steel table which in turn is mounted on

vibration isclation pads to reduce effaects of building vibrations.

ar i
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II1. DISCUSSION OF TEST RESULTS

A, Instabilities §
1. Criticals 8

In all tests described in :%13 report, two critical speeds were
observed in the safe operating speed range of the rotor. The lower
critical corresponded to the conical mode. This conical whirl per-
sisted up to the second critical. If one 1s to utilize the criterion

for conical criticals described in Ref, 9 (page 18) then

%AKC + 2Ky :(%)z([T'Y\I?>

and where the critical frequency occurs at frequency of cne per rev.,
n =) and L" 2 e
2 Kot 2Ky =w? (14-1p) W
where Kg is the radisl stiffness under misaligned conditions, K3

can be evaluated by making simplifying assumptions about end effects,

and by assuming that each elemental length of the bearing contributes

equally to the linear stiffness, Thus:

3
k3',l"2 Ke (2)

The translatory critical is a function of film stéffness and can be

expressed as:

w; = 2Kr (3)
™

Substituting (2) in (1) and combining (1) and (3), one obtains the

ratio of translatory to conical criticals for a twc bearing system.

. )

Wwr = 'l(Ir'LZ)KT
w: W\(3{‘+L")Kc




Assuming further that Ky = K, (i.e., the two criticals are not too
far apart in speed and therefore the stiffnesses are not tov different),
then the ratio of criticals, knowing the translatory and polar moments
of inertia, bearing span, bearing length, and mass of rotor can be
easily computed from equation 4. For our case:

Ip = 0.612 # sec.? - in,

0.0172 # sec.? - 1n.
0.0341 #-5ec,?
in.

Ip

m

1 = §.487 1in.

L =1 in,

and {JT = 1,285
We

Table I presents the test results in terms of criticals and onset of
fractionalefrequency whirl for all conditions obsarved. The lowast
critical listed in column 3 corresponds to the conical mode induced by
gyroscopic rotor effects (equation 1). Column 4 lists the next critical
corresponding to the translatory mode (equation 3). Column 5 ;ives the
cnset of fractional-frequency whirl., Values of criticals for C = 0.0005
inch given in this table had to be calculated since the amplitude of

vibration with this particular clearance was too low to permit accurate

measurements, The ratio of criticals as given in column & varies between

1.235 - 1,65, and does not remain constant at 1.285 as calculated above
and based on KT = K. The variation appears to be a function of orifice

size, clearance and pressure at conditicns of constant load under which

thogse tests were performed. Ccolumn 7 gives ratios of ouset of fractional

frequency whirl to lowest svstem crifical.
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2.

A comparison between calculated values and test values of the conical
and translatory criticals is given in Table 2. The calculated criticals
are based on equation 3 where the film stiffness Ky has been cbtained
from test results on load carrying capacity at a given load of 6.57 lbs,
per bearing. Theoretical values based upon the theoretically derived
stiffness are also given. The test values obtained have then been reduced
by a factor ¢f 1.285 to yield calculated values of conical criticals. As
can be seen, the correlation of calculated and test values for the trans-
latory criticals {s good. Only fair agreement eg}sts between calculated
and test valuas of conical criticals., This is probably due to the sim-
plifying assumptions made in calculating the conical stiffness.

eumatic ar
The instability known as pneumatic hammer was encountered in come bearing
geometry (L/D - .5, D = 2,00 inches, P; = 120 psia, C = 0,001 iach,
a = 0,0055 inch). The instability was severa enough to prevent safe
operation. Further investigation of this phenomencn at Py = 150 and
zero RPM showed that air hammer persisted up to loads of 4.5 lbs. per
bearing and at higher lcads it disappeared. When unstable, vibrations
occurred in linewith load only (vertical plane) at a frequency of 249 cps
and were sinusoidal in form. At 200 psia vibrations persisted up to
bearing loads of 12 lba. per bearing, again sinusoidal, and in the

vertical plane only at a frequency of 269 cps.

Pneumatic hemmer investigation was not included in the scope of this
program; however, pneumatic hammer appears to be a functicn of bearing
gecmetry, supply pressure and bearing load. The frequency of oscillation
seems to bs unaffected by lcad, ard affected bv supply pressure only for

a constant bearing geometry.

Lk
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Fractional-Fregquency Whirl

The regults obtained in this series of tests on onset of fractional
frequency whirl are presented in figures 4 - 5., Figures & - 6 show

the effect of orifice size on onset of fracticnal-frequency whirl at
various pressures keeping all other factors constant., The variation

in orifice size is accomplished through orifice insert change only,
leaving the 0.052 inch diameter bearing orifices i{n the system. This
results in inherent rather than orifice compensation and, as such, has
to be taken into consideration when analysis is made for compariscn with
test data. For the conditions represented in figure 4, the orifice size
appears to have little or no effact on ;he onset of fractional-frequency
whirl, This is due to the fact that the major restriction with the tight
clearance is formed not by the area of the orifice incorporated {n the
insert, but by the annular area of the permanent set of 0.052 inch
diameter orifices in the bearings, or combinations of both restrictors
in series, It is also interesting tc note that in every instance the
onset of fractionale-frequency whirl at zero supply pressure cccurred at
a higher speed than at 50 psia supply pressure., This clearly indicates

that 4{n many externally pressurized gas bearing applications, the hydro-

dynamic effects are significant, and must be included in stability analysis,

Results given in figures 4 - 6 are replotted in figures 7 - 9 as functions
of clearance, At low supply pressure, where the hydrodynamic effects
predominate, the onset of fractionalsfrequency whirl increases with
increase in clearance. This should not be generalized aince the authors
in their past work (Ref. 7, page 18) have shown that a clearance exists
for cach bearing gesmmetyry which will produce the onset of instability at

lowest speed, Either an increase or decrzase in cieararnce from this

5 .
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value will produce an increase in threshold of instability. Orifices

in the b;aring can also significantly influence the threshold of in-
stability. The hydrodynamic effects for the low and high supply

presgure conditions are shown in figure 10, Each graduation on the CRO
screen represents 0.0001 inch, and the center of the screen represents
bearing center. The shaft center is represented by the whirl paths.

As can be seen with the bearing geometry indicated, when externally
pressurized with 50 paia, the shaft rests on the bearing, and not enough
load carrying capacity is available to lift the 6.57 lbs, per bearing

lecad. As socn as shaft begins to spin, however, the ghaft center

follows & hydrodynamic path., On the other hand, with pressures of 100 paia
and above, the position of the shaft when rotating does not differ
appreciably from its static position. The whirl amplitudes at speeds

below the lowest critical are caused by slight amounts of unbalance. The
whirl amplitudes at higher speeds accompanied by phase changes inddcate
that the rotor is going through critical., This ‘3 shown more clearly

in figure 1l where pictures show the rotor unit went through both
criticals. The photo taken at the highest speed indicates onset of

£rxgctional frequency whirl, The frequencies of rotor ocscillation at
this onset could not be determined since in most cases the onset was
quick and violent., Bffoxts to determine the onset of instability at
high speed and high supply psessure conditions resulted in three
bearing seizures.

Effects of Load en Onset of Fractional-Frequency Whirl
The evaluation of effects of load con cnset of fracticnal-frequency whirl

had to e limited tc a few points due to the fact that onset was violent
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and destructive. Again, as in the other tests, a dependence upon the
relative influence of hydrodynamic and hydrostatic effects can be seen
in figure 12. At low pressure conditions where the hydrodynamic effects
are predominant, the effect of increasing load is to increase the speed
at which fractional-frequency whirl occurs. At high pressure, however,
this effact becomes modified due to the increase in the load carrying
capacity of the bearing. Figure 13 represents effects of load on cnset
of fractional=frequency whirl at constant presasures of 50 psia as a
function of orifice size. Again at these low pressures, hydrodynamic
effects predominate and one cannot expect to obtain appreciable benefits
from acrchange in the size of the feeding restrictor.

oad Carrving Capacit
Results on load carrying capacity tests are presented in figures 14 - 21
where the test data is superimposed on analytical results. Correlation
between theory and test results is good for radial clearances of 0.001
inch and 0.0015 inch up to ecceantricity ratios of roughly 0.5. Above
those ratios the slope of the load vs. displacement curves seems to be
decreasing for the 0.00L inch radial clearance, the decrease be{ng more
pronounced at lower pressures. For the 0.001l5 inch clearance at presgures

of 100 psi and above, the slope seems to be increasing at higher eccentrici-

.t {ea over a considerable displacement rafige and decreasing again as the

eceentyicity approaches the radial clearance. The reasons for this are

not apparent at this time. Considerable disagreement between theory and
test data appears in the tests involving.0.0005 }nch radial clearance.

Tnis can be explained by the fact that tre coefficient of discharge for the

bearing in theorvetical analysis was matched for one clearance (¢=0.001 inch)

e 3 o =
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and thereafter used for all clearance theoretically calculated,

Flow Measurements

Results of flow measurements for all coenditions are given in figures 22 -
24. As expected, the flow is dependent upcn pressure, clearance and
orifice size. The effects of inherent compensation are clearly shown

in figures 22 and 23 where changes from a = 0,010 inch to a = 0.015 inch
do not result in appreciable flow chanées. Excellent agreement between
theory (as indicated by dotted lines) and experiment is indicated fer
radial clearances of 0,0005 and C.00L inch. Apprecisble discrepancies
reaching a maximum of 80% at tte highest pressure (200 psia) are indicated
for the radial clearance of 00,0015 inch. This again can be explained by
the fact that the discharge coefficient in the theoretical analysis was

matched for the clearance of 0,001 inch and used for all other clearances,

The effects of rotor speed on flow are shown in figures 25 and 26. The
decrease in flow with speed is mcre proncunced at higher pressure levels

than at the lower levels.

The relative comparison between discrepancies in £1low and lcad carrying
capacity results show that in both cases grod agreemeni exists at the
clearance value of 0.001 inch &as expected since the discharge coefficient
was matched for this particular ciearance. At the ainimum and meximum
slearance, however, the discrepancies between experiment and theory are
most pronounced for the load carrying capacity at clearances of 0.0005 inch
and for flow at 0.001l5 inch. 7This observation warrants a closer scrutiny
of the variaticn of discherge cusffictent ar ¢ function 2f change in

feeder parameter and clearance.

e i e ———— e,
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1V, THEORETICAL ANALYSIS
The cheoretical calculations are concerned with the load carrying capacity and
the gas flow for the purely hydrostatic bearing. The onset of instability due
to rotation will not be analyzed. The present theoretical results are based on
the analysis presented in Reference l0. However, this analysis is limited to
orifice restricted bearings and does nrt take into account the additional flow
restriction caused by'inherent compensation" (i.e., the restriction due to the
annular area between the rim of tﬁe feeding hole and the surface of the journal).
Por the pxesent test bearing, the feeding hole diameter is sufficiently small to
make this effect very important, even being dominant for the tests with the largest
orifice size. Thus, it is necessary tc incorporate the inherent compensation in
the analysis of Reference 10, The journal bearing §s pressure-fed from orifice
restricted feeding holes on the circumference in the centerplane of the bearing.
For a sufficiently large number of feeding holes, these may be approximateq by a
line source such that the gas feeding becomes a boundary condition to the differen-
tigl equation deacribing the flow in the bearing. The differential equation is
Reynolds equation which for a perfect gas under isothermal conditions may be written:
- ~3

L L8]+ BR8] =0 -

(i = pressure, psia - £ e film thickness, inch - x = circunferential coordinate,

inch = 2 = axial coordinate, inch),

To make dimensionless set: - EL
X = Z =L = D zi+rgcose
ask L=% °P N h=28

(R = bearing vadius, inch - C = radial bearing clearance, inch - P, = ambient

pressure, psia - £ = eccentricity ratio).

Then: ;
.3 oF r -
o PR el T FPw gEl=e @
-13-
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Writing the pressure as a power series of the eccentricity ratio € :
2 - -
P=P+tePre* PR r-- (3)

and substituting back into Eq. (2) yields:

Poz: l 4-1\z<§";)
3*(PoP) L. PP, o (s)

e ay2
(§ = L/D - L = tearing length, inch - D = bearing diameter, inch - p = feeding

@)

constant, to be determined later).
Terms of higher order than the fitat shall be neglected, i.e., we assume that

is small.
In the center of the bearing @' = 0) the mass flow through the feeding holes are
set squal to the flow leaving thtouéh the bearing.
It shall be assumed that the flow through the feeding holes may be considered as
& flow through two orifices in series with the same orifice coeff{cient, but with
different flow area. Then the exact mass flow equ:tion is:

L RE B R @

A ‘B Ps F:) ® PPs/\Pe (5—2,) )

| VRt

(M = mass flow, lbs. sec/in, = R = gas constent, in.2/sec.2%R - T = absolute
temperature, °R -7] = adiabatic orifice coefficient - K = adiabatic exponent -

i, = supply pressure, psia - Pi = downstream pressure after second orifice, psia -
52 = pressure between first and second orifice, psia - Ay = area of first orifice,
in.2 -Bw area ratio between first and second orifice). In Eq. (6) the pressure

ratio (Py/P,) and (P /P;) cannot exceed the critical pregsure ratio (2/k+1)k/k'1.

To remove this discontinuity Bq. (6) shall be replaced by an approximate expression:

7)

e s TR

(& = crifice coefficient).

-13-




" where: A,_

A graphical comparison between Bq. (6) and (7) based on K = 1,4 shows that
A= .78 settingM = .95 glves = 71 which value has been used in the
present calculations, The flow per inch circumference from the feeding holes is

2-"!;‘%‘ (N = number of feeding holes). Equating this to the f£low per inch into
RS P [ef opP* 2
the bearing: =2 Iﬁ ﬁ (g—g)(. glves: <aT ) = -AtD- ﬁ,‘t Co‘e]\fvz_ p"z

° (8)

vhere:

A—t‘ QENQ - §T'
|1' d" (3)

(Y« = viscosity, lbs.sec:/m2 - a = orifice radius, inch - V = P_/P,, pressure

a’

satio ~ ¢ = az/dc, orifice area ratio - d = diameter of feeding hole, inch).

[ ]
Using Bq. (8) as & boundary condition to Eq. (4) and (5) and proceeding as in

Ref. 10 we obtain the bearings load carrying capacity and flow:

WA Ligt MPEIES tw(m\ wuil- Te ' pHE B0 ao

Elcesh E+A UtsinhE]

Qs RGPS, L bsesec
OMRT  Uu? I (11)

-t

N SR L )
Y - fer dt @(xherﬂﬂ \%’ f:ct’at

0
[ ]

1+38°
Except for the factor Iﬁ-o’"- in Eq. (10) and the modification of AT these
twc equations are identical with the results obtained in Ref. 10,

From Egqs. (9), (10), and (11) numerical results are cbtained for the load carrying

capacity and the flow. 7The results are plotted together with the euperimental data

1t




PIA e

aym

in figures 14 - 24. The calculations are based on the following data:

Bearing length-to-diameter ratio E’Ji

Bearing radius R = 1 iach

Badial clearance C = .0005 inch - .001 inch - .0015 inch

Diameter of feeding hole: d = ,052 inch

Number of feeding holes: N = 8

Orifice coefficientd = .71

Orifice radius a = ,0055 inch - .010 inch - .0l5 inch

Anbient pressure P, = 14.7 psia

Supply pressure Py = 50 psia - 100 psia - 150 psia - 200 psia

Gas viscosityu = 2.828 x 109 1bs.sec/in.? (air at 70°P)

Gas constant x Total tempexature B T = 339,300 1lbs,.in/lbs. (air at 7G°F)
Hhirl Avalvsis .
If one accepts the model of a constant speed whirl motion centering sround tha axis
of the bearing such that the orbit of the shaft center is a circle, then it has been
shown rigorously, for an iscthermal gas £ilm, that the effective bearing number is
(Refs. 1, 2, 3): .
h A* A l1-28)
where

A= SE2(R)?
More specifically, with the approximations of small A * and e/C the hydrodynamic
film forces during a steady translatory whirl motion are:
2

Fep = Ky (V- 2?) e ; a2

Fth - Rl (- 28) e ;
where Kl and 12 are £ﬁnctions of A and L/D, and have the dimensions of the product
of the stiffness and the firat and second powers of time respectively. Using these
relations, rfollowing ar analysis otherwise similar tc reference 4, the cendirions

£or neutral stabiiity (self-sustained whirl motion) are:

“-1lfH-




L - 1 ; (13)

wo #
2 2k K
1 - (r, -t,) 8 2

° 1 2 2§:;§—-

: VR . K
e it (T T (14) |
K ]

. 1
where i
= whirl apeed, i
) W= shaft speed at neutral atadility, '

‘ TiaTé = lead and lag time constants of pressurization system.

uoo - \‘ ka'

Above results alsoc employed the assumption

T22 nicen

The gbove result can be rearrangad as

AeW-2e(T) Ty 5 as)
y! 1
.L&.. 1 :
° (16) :
J 1- —35&. X 2 )
m
vhich reveals the interesting conclusion that the self-sustained vhirl can te |
' suppressed if
2K 1
' = 212
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Y. _CONCLUSIONS

Lo ’ | i 1. Good agreement on load carrying capacity and flow for certain clesrance values

was noted. The disagreements between test and theoretical results for other 5

clearances can be attributed tc the assumption of constant coefficient of dis-
charge in calculations which was matched for one particular clearance, but could
have been matched for other clearances.

2. Based on load carrying capacity solutions, good agreement between calculated

and observed system criticals was obtained.

3. Omnsets of fractional-frequency whirl are a fuaction of bearing gecmetry, load,

speed and supply pressure.

4, Hybrid bearings, depending upon supply pressure level and bearing geometry, can
be subject to hydrodynamic forces which will have a net effect of producing
destructive salf-gustained whirl at speeds lower than that of onset of half-
frequency whirl, if the bearings had been purely self acting (see figures &-9)

5. Bffects of increase in load on onset of fractionalefrequency whirl are pronounced
at low supply preseres when gelf acting effects predominate; same, however,
beccme negligible when supply pressures are raised to the peint where static
load carrying capacity of the hydrostatic bearing does not result in significant °
eccentricity at the higher pressures and given load,

6. Adr flow in hybrid bearings decreases as speed increases.

. 7. Theoretical analysis indicates that whirl ratio is a function of lead and lag

| time constants and the ratio of hydrostatic gas film stiffness to the tangential

:- hydrodynamic gas film stiffnesa, The whirl ratio can be larger or smaller than 2
depending on the aign of the difference between lead and lag time constants, When

. L
hydrostatic effects become negligible, the ratio approaches a limit of 2.

8. Theoretical calculations indicate that onset of FFW can be suppressed if

2 Ko /m 2 Lk

2 o



7.

9l

10,

11,

12,

13.
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Jable 1
Instabilities

L/D= .5, D= 2.00", W = 6,57 1ba/brg.

8 Orifices in Central Plane

*Calculated - all others observed on test

C = 0.0005"
Orifice
Dia. Press. We Wr FFW
3N _PSIA RPM RPM_ RFY 4/3 243
0.030 50 ' 12,600
0.020 80 156,700
100 13,400% 17,200% 21,640 1.285% 1.81
150 22.000% 28, 300% 33,000 1.285% _ 1.50
0.011 50 11,700
80 16,300
100 16,800% 21,600% 22,500 1.285% 1, 34%
- 25 ,800% 200 33,000 1,285% 1.28%
C = 0,001"
0.030 50 7,680 10,200 16,240 1.33 2.12
80 12,100 16,500 38,640 1.36 3.18
100 14,300 20,780 54,220 1.45% 3,80
150 16,600 22,000 $2,260 1.32 3.75
0.020 50 7,600 10,200 16,280 1.3 2.14
80 12,000 16,400 35,300 1.36 2.54
100 13,500 21,200 51,000 1.57 3,78
150 16,000 22,600 62,300 1.41 3.90
200 17,000 23,500 70,000 1, 38 4.12
0.011 50 8,000 11,600 15,350 1.45 1.92
80 11,000 16,600 22,000 1.51 2.00
100 12,600 20,800 40,600 1.65 3.22
150 Air hammer
C = 0,0015"
0.030 50 6,700 9,500 23,000 1.42 3.43
80 8,100 11,600 38,500 1.43 4,75
100 8,900 13,000 55,000 1.46 6.20
— 150 10,000 14,400 64,000 1,44 6.40
0.020 50 6,700 9,300 20,600 1.39 3.08
80 8,100 11,600 35,600 1.43 4.40
100 8,870 12,400 47,000 1.40 5.30
150 9,800 14,200 62,000 1.45 6.42
0.01} 50 6,000 8,000 17,000 1.33 2.84
80 7,000 9,030 21,200 1.29 3.03
100 7,800 11,200 22,400 1.44 2.88
150 10,100 12,450 25,200 1.235 2.50




Comparison of Observed with Calculated Criticals

TABLE

I

Criticals

L/D = .5, D= 2,00"

W = 6.57 #/bearing

Orifice Radial We oo (JT *
Dia, Clearance Press. Obs. RPM Calc. RPM Obs, Rpm Theo. FRating Calc.RPM
in, in. PSIA_ __RPM
0.030 0.0005 50 14,238
0.020 100 13,400 28,743 17,200 !
130 22,000 37,395 28,300 :
0.011 50 17,953
100 16,800 32,458 21,600
130 25,800 41,014 33,200
0.030 0.001 50 7,680 9,230 10,200 14,047 11,870
100 14,300 16,860 20,780 20,120 21,700
130 16,600 19,150 22,000 23,682 24,600
0.020 50 7,600 9,240 10,200 14,524 11,870
100 13,500 16,600 21,200 20,455 21,300
150 16,000 19,700 22,600 24,064 25,300
200 17,000 22,000 23,500 26,56 8,300
0.011 50 8,000 11,350 11,600 14,911 14,600
100 12,600 17,800 20,800 20,101 22,900
150 Air Hammer 23,472
0.030 0.0015 50 6,700 8,000 9,500 10,600 10,280
100 8,900 10,900 13,000 13,751 14,000
130 10,000 12,150 14,400 16,024 15,600
0.020 50 6,700 8,050 9,300 10,418 10,300
100 8,100 10,000 12,400 13,385 13,600
130 5,800 11,5820 14,200 16,2 15,300
0.011 50 6,000 6,820 8,000 8,699 8,760
100 7,800 9,620 11,200 10,217 12,370
150 10,100 11,000 12,450 14,052 14,200

% Calculated from static load carrying capacity curves

*%* Calculated on basis of (g

c

= 1,285




ViI. APPENDIX B

List of Figures Description
Figure 1 Test Rig
Piguze 2 Otifice Holdex
Figure 3 Thgust Plase Desail
Figures &4 - 9 Resules on Onset of FPW
Pigures 10 -11 CRO Pictures on Dynamic BeRavior of Shaft

in Externally Freasurized Bearing

Figure. 12 FFW vs. Bupply Pressure
Pigure 13 #FW ve. Load

Figures 2% - 31 Load vs. Eccentricity Qurves
Figures 22 - 24 Flow ves. Supply Fressure
Pigures 25 - 26 Effect of Speed on ¥low
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ONSET OF FRACTIONAL FREQUENCY WHIRL
Vs,

SUPPLY PRESSURE

(Effects of clearance)

S
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Dynamic Behavior of Shafts Supported on Externally Pressurized Bearings

load 6,57 lbs/bearing

¢ = ,0005"
as= 0015”
= psia P = 100 psia
St-ltio dot - bottonm Static dot « 1 grad,
| 2,000 R7M 2,000 RPM
l 5,000 RPM 10,000 RPM (large ampl,)
. 10,000 RPM 17,000 RPM

.
P = 150 psia P = 200 psia
Statie Statie
10,000 RPM 10,000 RPY
20,00 RPY {large ampl,) c0,0CC R {largs ampl,)
30,000 RPM 30,020 REM
FIG, 10
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Dynamic Behavior of Shafts Supported on Externally Pressurized Bearings
load 6,57 lbs/bearing

s = Q01"

a = 015"

P s 50 paia

Static 7680 RPM (large ampl,)
8300 RPM

10,000 RPM (large ampl,) 16,246 RPM
15,000 RPM onset of whirl

FIG. 11
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LOAD VS. ECCENTRICITY
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