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GL.OSSARY OF

Self-acting - (liad interchangeably with hydrodynamic) - a bearing system it

which the journal and bearing are separated by 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 introduction of pressurized fluid into the

clearance between them,

Hybrid Bearinas - A bearing system combining self acting and externally pressurized

features.

Steady State Performance - A condition at which the fluid film pressure is

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

DYnAzic Performance - A condition under which the axes of the journal moves so

that local gas film pressures vary with time. Examples of dynamic

operation are:

a. Start-up and shutdown transients

b. Motion excited by rotating load

c. Motion excited by reciprocating load

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

Whirl Ratio - Ratio of frequency of shaft rotation to frequency of shaft whirl.



LIST OF SYMBOLS

L/D Length/Diameter

b m/w

c Radial Clearance, I inch

f Bearing Load, lbs.

2
Iz Polar Moment of Inertia, #/sec. /in.

IT Translatory Moment of Inertia, #/sec. 2/in.
K2  Radial Bearing Stiffness, #/inch

K0  Radial Translatory Stiffness Evaluated at Wo, f/inch

Angular Velocity, rad./sec.

Antgular Velocity at Onset of H.F.W. - Conical Whip, rad/sec.

CA)T Angular Velocity at Onset of H.F.W. - Translatory Whip, rad/sec.

k Bearing Span c-c, inuhes

L Bearing Length, inches

j Mass, inch
inch

P& Ambient Pressure, psia

R Bearing Radius, inches

E.Eccentricity Ratio

. Compressibility Number

Viscosity, in2

w Attitude Angle, degree

K3  Radial Stiffness Under Misaligned Conditions

KS Static Spring Stiffener

Frh Radial Hydroynanic Force

Fth Tangential li/cyancForce

a c e-ity - 'r -
V



I. I•O•NCTION

The theory of exterrAlly pressurized bearings, despite valuable contributions

by Boe investigators, is still in its initial stages of evolution. Most of

the solutions presently available (Refs, 1, 2, 3, 4, page 18) disregard

rotational effects and as such can onLy be used with fair accuracy to determine

the static load cairying capacity of externally pressurized bearings9, However,

since shaft rotation can have serious effects on the performance of externally

pressurized bearings, it must be included in any analysis if the latter is to

Aserve as a useful and reliable tool to the designer of systems utilizing hybrid

(hydrodynamic-hydrostatic) gas beartngs. The effects of rotation can be divided

into two categories:

I. Effect of rotation on load carrying capacity

and flow,

2. Effects of rotation on dynamic performance of a
rotor-bearing system.

Regarding the first category, a recent theoretical analysis which includes the

effects of rotation, shows that the hydrodynamic effect may or may not have a

significant influence on the hydrostatic load capacity; its effect depends upon

the operating conditions (Ref. 5, page 18). Effects of rotation on the dynmmic

behavior of the rotor-bearing system, however, can be quite severe and plagued

by various types of instabilities which have been recognized and can broadly be

defined as:

1. Crtcl pe

This is a rctating speed of a journal which corresponds to the

resonant frequencies of the syste. (The system critical speeds

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



2. FAl-Freaueno Whirl

A special case of instability generally associated with self-acting

journal bearings. This Instability occurs when the journal speed

reaches a critical value. The journal axis whirls at a frequency

of one-half or nearly one-half of the journal speed in the same

I direction as the journal rotation. The motion of tho journal axis

can be either conical or translatory.

3. Fractional-Frequency Whirl

The subject phenomenon is a special case of instability generally

associated with hybrid journal bearings. This instability occurs

when 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 either conical or translatory. (The expression

for the fractional frequency is given in equation 14, (page 15).

and in the limit where self-acting forces predominate, it approaches

the half-frequency whirl).

4. Psa~ mo

This is a self-excited oscillation in the flow system of an externally

pressurized bearing. This oscillation does not necessarily require

shaft rotation.

-2-



ZU, TEST Eg!IPI4NRI

Figure 1 presents a picture of the test rig which consists of a housing

incorporating two journal bearings, the length of which can be changed up

to 2 inches maximum. The shaft is 2 inches in diameter and accommodates a

Terry-type impulse drive turbine on one and. The turbine employs full arc

admission to minimize aerodynamic forces on the rotor. A duiy wheel is

mounted on the other end of the rotor to provide rotor sy=aetry, decrease

coastdown time, serve as a speed signal generating device, and a direction

of rotation reverser.

The bearings (leaded-bronze) are externally fed through a total of eight

orifices per bearing with all connections extending to a co•on manifold for

each individual bearing. The orifice holder (figure 2, page 24) includes a

removable orifice insert to facilitate quick orifice ehanges. In addition

to the replaceable orifices, fixed orifices (.052 inch) are permanently

incorporated in the journal bearing. This series orifice combination provides

a means for changing the feeding system from orifice compensation to a combi-

nation of orifice-inherent compensation, or pure-inherent compensation through

changes in replaceable orifice diameter and clearance.

Each bearing is fed via flowmeters shown in figure 1. The two meters shown

for each bearing cover a range from 0 - 1.5 scfm with accuracy ranging from

2% - 87 of measured flow. Pressure gages calibrated to indicate absolute

pressure with accuracy of + .5 psi are used to register supply pressure levels.

Loading is accomplished through an air piston connected through a flexible foil

to a 1800 recessed gas journal bearing. 7he piston pulls against the foil which,

in turn, applies a uniform load to the shaft. Since this 3ystem permits uniforr.



and indirect (through air film) 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 below that

level. The nature of this instability was not determined; 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

diameter hole was used to admit external air under pressure.

Each bearing end is supplied with four capacitive probes placed 900 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 10-6 inches or better.

The same probe outputs are also used to determine frequency of oscillation,

criticals and phase relationships between both ends.

Two thrust plates externally pressurized through 0 - 0.020 inch diameter orifices,

as shown in 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 on a heavy steel table which in turn is mounted on

vibration isolation pads to reduce effects of building vibrations.

-4-



III. DISCUSSION OF TEST RESULTS

A. Instabilities

1. Criticals

In all tests described in this 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 is to utilize the criterion

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

T

and where the critical frequency occurs at frequency of one per rev.,

n a 1 and Z(L \
, K(.2K3

where K3 is the radial stiffness under misaligned conditions, K3

can be evaluated by making simplifying assumptions about end effects,

and by assuming that each elemental length of the beartng contributes

equally to the linear stiffness. Thus:

L . k, (2)

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

expressed as:

r" .(3)

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

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

(4)
L- (IT--p)

"-5-



Assuming further that KT - K0 (i.e., the two criticals are not too

far apart in speed and therefore the stiffnesses are not tou different),

then the ratio of criticals, knowing the translatory and polar momenti

of inertia, bearing span, bearing length, and mass of rotor can be

easily computed from equation 4. For our case:

IT - 0,612 # sec. 2 
- in.

1p M 0.0172 # sec,2 - in.

m a 0.0341#..ec.2

in.

1 a 6.487 in.

L= I in.

and J * 1.285

L&)

Table I presents the test results in terms of criticals and onset of

fractional-frequency whirl for all conditions observed. The lowest

critical listed in column 3 corresponds to the conical mode induced by

gyroscopic rotor effects (equation I). Column 4 lists the next critical

corresponding to the translatory mode (equation 3). Column 5 Lives the

onset of fractional-frequency whirl. Values of criticals for C a 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 6 varies between

1,235 - 1.65, and does not remain constant at 1.285 as calculated above

and based on KT - Kc. The variation appears to be a function of orifice

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

those tests were performed. Czl',n 7 gives ratios of oe•set of fractional

frequency whirl to ).:.'est syster critical.
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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 KT has been obtained

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 cf 1.285 to yield calculated values of conical criticals. Is

can be seen, the correlation of calculated and test values for the trans-

latory criticals is good, Only fair agreement exists between calculated

and test values of conical criticals. This is probably due to the aim-

plifying assumptions made in calculating the conical stiffness.

2. Pneumatic Hammer

The instability known as pneumatic hammer was encountered in one bearing

geometry (L/D - .5, D a 2.OC inches, Ps - 120 psia, C - 0.001 inch,

a = 0.0055 inch). The instability was severe enough to prevent safe

operation. Further investigation of this phenomenon at P. - 150 and

zero RPM showed that air hammer persisted up to loads of 4.5 lbs. per

bearing and at higher loads 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 lbs. per bearing, again sinusoidal, and in the

vertical plane only at a frequency of 269 cps.

Pneumatic h==er investigation was not included in the scope of this

program; however, pneumatic hammer appears to be a function of bearing

geometry, supply pressure and bearing load,. The frequency of oscillat'en

seems to be unaffected by lcad, and affected by svpply pressure only for

a constant bearing gemietry.

"7-



3. Fractional-Frequency Whirl

The results obtained in this series of tests on onset of fractional

frequency whirl are presented in figures 4 - 9. Figures 4 - 6 show

the effect of orifice size on onset of fractional-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 in the system. This

results in inherent rather than orifice compensation and, as such, has

to be taken into consideration when analysis is made for comparison with

test data. For the conditions represented in figure 4, the orifice size

appears to have little or no effect on the 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 in 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 to note that in every instance the

onset of fractional-frequency whirl at zero supply pressure occurred at

a ligher speed than at 50 psia supply pressure. This clearly indicates

thae in many externally pressurizecd 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 fractional-frequency whirl increases with

increase in clearance. This should not be generalized since the authors

in their past work (Ref. 7, paSe 18) have shown that a clearance exists

for each bearing ge•metry which will produce the onset of instability at

lowest speed. Either an increase or decreas:e in clearance frc= this



value will produce an increase in threshold of instability. Orifices

in the bearing can also significantly influence the threshold of in-

stability. The hydrodynamic effects for the low and high supply

pressure 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 psia, the shaft rests on the bearing, and not enough

load carrying capacity is available to lift the 6.57 lbs. per bearing

load. As soon as shaft begins to spin, however, the shaft center

follows a hydrodynamic path. On the other hand, with pressures of 100 psia

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 indicate

that the rotor is going through critical. This t3 shown more clearly

in figure 11 where pictures show the rotor unit went through both

criticals. The photo taken at the highest speed indicates onset of

fractional frequency whirl. The frequencies of rotor oscillation at

this onset could not be determined since in most cases the onset was

quick and violent. Effosts to determine the onset of instability at

high speed and high suppLy pressure conditions resulted in three

bearing seizures.

4. Effects of Load en Onset of Fractional-Frequency Whirl

The evaluation o! effects of load on onset of fractional-frequency whirl

had to be limited to a few points due to the fact that onset was violent

-9-



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 effect becones modified due to the increase in the load carrying

capacity of the bearing. Figure 13 represents effects of load on onset

of fractional-frequency whirl at constant pressures 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

fro archange in the size of the feeding restrictor.

5. Load Carryins Capacity

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 eccentricity ratios of roughly 0.5. Above

those ratios the slope of the load vs. displacement curves seems to be

decreasing for the 0.001 inch radial clearance, the decrease being more

pronounced at lower pressures. For the 0.0015 inch clearance at pressures

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

t les over a considerable displacement range and decreasing again as the

ectefvlticity 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 inch radial clearance.

This can ,e explained by the fact that the coefficitnt of discharge for the

bearing in theoretical analysis was matched for one clearance (coO.001 inch)

-I0-u



and thereafter used for all clearance theoretically calculated.

6. Flow Measurements

Results of flow measurements for all conditions are given in figures 22 -

24, As expected, the flow is dependent upon 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 changes. Excellent agreement between

theory (as indicated by dotted lines) and experiment is indicated for

radial clearances of 0,0005 and 0.001 inch. Appreciable discrepancies

reaching a maximum of 80% at t1a highest pressure (200 psia) are indicated

for the radial clearance of 0,0015 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 more pronounced at higher pressure levels

than at the lower levels.

The relative comparison between discrepancies in flow and load carrying

capacity results show that in both cascs good agreemer.* ecists at the

clearance value of 0.001 inch &s expected since the discharge coefficient

was matched for this particular clearance. At the ,ninlmum and maximum

clearance, 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 0.0015 inch. This observation warrants a closer scrutiny

of the variation of dS•h`r.go cff.. f.nctig 'f hane zi

feeder parameter and clearance.
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IV, THRORETICAL ANALYSIS

The theoretical 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 10. However, this analysis is limited to

orifice restricted bearings and does not take into account the additional flow

restriction caused by'inherent compensation" (i.e., the restriction due to the

annular area between the rim of the feeding hole and the surface of the journal).

For the present 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 to incorporate the inherent compensation in

the analysis of Reference 10. The journal bearing Is 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 approximatec by a

line source such that the gas feeding becomes a boundary condition to the differen-

tial equation describing the flow in the bearing. The differential equation is

Reynolds equation which for a perfect gas under isothermal conditions may be written:

+3 ~3 aP]:
(1)

(P a pressure, psia - S = film thickness, inch - x - circumferential coordinate,

inch = z - axial coordinate, inch).

To make dimensionless set:

(R - bearing radius, inch - C = radial bearing clearance, inch - Pa ' ambient

pressure, psia - . eccentricity ratio).

Then:

-12-
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Writing the pressure as a power series of the eccentricity ratio a :

RPPo E P, * . ... (3)

and substituting back into Eq. (2) yields:

P (4)

* L/D - L - bearing length, inch - D - bearing diameter, inch - p - feeding

constant, to be determined later).

Terms of higher order than the first shall be neglected, i.e., we assume that

is small.

Zn the center of the bearing ( - 0) the mass flow through the feeding holes are

set equal to the flow leaving through the bearing.

It shall be assumed that the flow through the feeding holes may be considered as

a flow through two orifices in series with the same orifice coefficient, but with

different flow area. Then the exact mass flow equation is:

- (6)

(M a mass flow, tbs. sec/In. - . = gas constant, in. 2 /sec. 20R - T - absolute

temperature, OR -• = adiabatic orifice coefficient - K a adiabatic exponent -

78 a supply pressure, psia - * downstream pressure after second orifice, psia -

22 w pressure between first and second orifice, psia - A1 - area of first orifice,

in. 2 - a area ratio between first and second orifice). In Eq. (6) the presaure

ratio (P2/7.) and (PL/L2) cannot exceed the critical pressure ratio (2/k+l)k/k-I.

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

a', = orifice ccefficient)

-13-



A graphical comparison between Eq. (6) and (7) based on K * 1.4 shows that

S78 ; setting'V - .95 gives d.-. .71 which value has been used in the

present calculations, The flow per inch circumference from the feeding holes is

Y-b& (N - number of feedlg holes). Equating this to the flow per inch into

the bearing: gives:. -A (iC) a [ia ± 4 c ae]V

wierse:

C 77 4t(9)

viscosity, lba.sec/in - a * orifice radius, inch - V - Ps/Pa, pressure

ratio - a * a 2 /dC, orifice area ratio - d - diameter of feeding hole, inch).

0

Using Eq. (8) as a boundary condition to Eq. (4) and (5) and proceeding as in

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

4= [cask I*AX .LL'si nktl

bRT U In

where: - [ (.'hi. j ) -

aA-- X) z e f(e

Except for the factor Eq. (10) and the modification of At these

two equations are identical with the results obtained in Ref. 10.

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

capacity and the flow. 7he results are plotted ttgether w ith the e-perimen'tai data

-1 /.



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

Bearing length-to-dlamete: ratio 2.=

Bearing radius R - 1 inch

ladial clearance C - .0005 inch - .001 inch - .0015 inch

Diameter of feeding hole: d a .052 inch

Number of feeding holes: N - 8

Orifice coefficieut d n .71

Orifice radius a - .0055 inch - .010 inch - .015 inch

Ambient pressure ?a * 14.7 psia

Supply pressure Ps * 50 psia - 100 psia - 150 psia - 200 psia

Gas viscositytA - 2.828 x 10.9 lOs.sec/in.2 (air at 700P)

Gas constant x Total temperature I T - 339,300 lbs.in/lbs. (air at 700F)

Whirl Analysisa

If one accepts the model of a constant speed whirl motion centering around tht axis

of the bearing such that the orbit of the shaft center is a circle, then it has been

shown rigorously, for an isothermal gas film, that the effective bearing number is

(Refs. 1, 2, 3):

vhere 
6V

More specifically, with the approximations of s=allA.* and e/C the hydrodynamic

film forces during a steady translatory whirl motion are:

Frh K2 (W - ei)2 ;
(12)

FthK1'4 2 ) e

where K1 and 12 are functions of.A. and L/D, and have the dimensions of the product

of the stiffness and the first and second powers of time respectively. Using these

relations, follo'wing an analysis othenrise similar tO reference 4, t-e ccnn!iions

"for neutral stability (self-sustained whirl motion) are:

-- r1,.)-



-(13)

-o ) 2 2 k 32

WO 1" a 2

K1

where
flu whirl speed,

W- shaft speed at neutral stability,

T1 ,T 2 - lead and lag time constants of pressurisation system.

Above results also employed the assumption

T 2  2 A24. 1

The &bove result can be rearranged as

- - 2 1*i -r 2)km ; (15)

K2.

2- 2 2 (16)

m

which reveals the interesting conclusion that the self-sustained whirl can be

suppressed if

-16-



V. COMcLU8IO1NS

1. Good agreement on load carrying capacity and flow for certain clearance values

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

clearances can be attributed to the asnumption of constant coefficient of dia-

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. Onsets of fractional-frequency whirl are a function of bearing geometry, 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 not effect of producing

destructive self-sustained whirl at speeds lower than that of onset of half-

frequency whirl, if the bearings had been purely self acting (see figures 4-9)

5. Effects of increase in load on onset of fractional-frequency whirl are pronounced

at low supply pressures when self acting effects predominate; same, however,

become negligible when supply pressures are raised to the point where static

load carrying capacity of the hydrostatic bearing does not result in significant e

eccentricity at the higher pressures and given load.

6. Air 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 hydroatatic gas film stiffness to the tangential

hydrodynamic gas film stiffncos. The whirl ratio can be larger or smaller than 2

depending on the sign of the difference between lead and lag time constants, When:

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

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

2 K2 /Y
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TableI
Ins tab ilities

L/D * .5, D 2.00", W - 6.57 lbs/brg.

8 Orifices in Central Plane

*Calculated - all others observed on test

C - 0.0005"
Orifice

Dia. Press. C)c (AJT FFW
*H. PS11 RPM RPM RPM 413 5/3

0.030 50 12,600
0.020 80 16,700

100 13,400* 17,200* 21,640 1.285* 1.61
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*
150 25.800* 33,200 33,000 1,285* 1,28*

C a 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 62,260 1.32 3.75

0.020 50 7,600 10,200 16,280 1.34 2.14
80 12,000 16,400 35,300 1.36 2.94

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

9.011 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 hamer

C a 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

0.011 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
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TABL I J1
Criticals

Comparison of Observed with Calculated Criticals

L/D .5, D = 2.00" W - 6.57 #/bearing

Orifice Radial (.)c ** T *
.I.. Clearance Press. Obs. RPM Calc. RPM Obs, Rpm Theo. Eating Calc.RPMK

in, in. PSIA RPM -

0.030 0.0005 50 14,238
0.020 100 13,400 28,743 17,200 1

150 22,000 37,395 28,300
0.011 50 17,953

100 16,800 32,458 21,600
150 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
150 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
I50 16,000 19,700 22,600 24,064 25,300
200 17.,00 22,000 23,500 26,566 28,300

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 Uaner 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

S 150 10,000 12,110 14,400 15.024 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
150 9.,800 11,920 14.200 16.243 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 J- 1.285

tc

-2I-



.. .. - _ -VIZ. APPENDIX B

List of FiRure. Description

Figure 1 Test Rig
FLguxe 2 Orifice Holdae

Figure 3 Thoust Plae Detail

Figures , - 9 Results on Onset of PW

Vigures 10 -11 CRO Pictures on Dynamic Betavior of Shaft

in Externally Pressurized BeRoing

F1jureo 12 FYW vs, Supply Pressure

Figure 13 I1W vs. Load

Figures 14 - ;1 Load , vs. Accettricity Curves

Figures 22 - 24 Flow vs. Supply Rreusure

Figures 25 - 26 Effect of Speed on flov
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ONSET OF FRACTIONAL FREQUENCY WHIRLS....V S.
S~SUPPLY PRESSURE
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ONSET OF FRACTIONAL FREQUENCY WHIRL
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ONSET OF FRACTIONAL FREQUENCY WHIRL

VS.
SUPPLY PRESSURE
(Effects of clearance) L/D , .5

0 = 2.00"
a = .010"
.-C =.0005,
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FIG. 8
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S~ONSET OF FRACTIONAL FREQUENCY WHERL
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- ........ Dynafic Behavior of Shafta Supported on Extemal. Preauur•zed Bearinga

Load 6.57 ibs/bearing

a - AMP

a = .015"

P 0 p3ia P 1 100 psiaStatic dot - bottom Static dot - 1 grad.
2,000 R.N 20000 RPM
5,000 RFM 10,000 RPH (large ampl.)

109000 RPM 17,OOO RPM

P 3150 psi, P * 200 psi&
Static Static
I0,000 RPM, I0,0'00 RPM
20,00C, RPMV ',large arpl.) 2., O 'l .,arge ampl.)
30,000 RPM 30,CC0 R-K

FIG. 10
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Dynario Behavior of Shafts Supported an Externally Pressurized Bearings

Lod 6.57 ibe/bearing

0 - 001a* . 015"

P 50 psia

Statio 7680 RPM (large mpi.)
8300 RP

10,0O0 RPM (large ampl.) 16,246 RPM
15s,00 RPM onset of whirl

FIG. 11
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LOAD VS. ECCENTRICITY L/ = .5
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C .0015,
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EFFECTS OF SPEED ON FLOW L/D = .5S= 2.,00"
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