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FOREWORD

This report was prepared by Mechanical Technology Incorporated 968 Alcary-
Shaker Road, Latham, New York, 12110, under contract number AF33.615,-:2:5.
The work was administered under the direction of the Fuels, Lu-rication, and
Hazards Branch of the Support Technology Division of the Air Force Aero
Propulsion Laboratory with Mr. M. R. Chasman (APFL) acting as project engineer.

The work reported herein covers the period from 1 March 1968 to 1 September
1968. N RN
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\ ABSTRACT o

X
ﬁxperiments were conducted on herringbone-grooved hydrodynamic journal
bearings and spiral-grooved hydrodynamic thrust bearings under non-isothermal
operating conditjons. Journal bearipe performance was deter ed tinder thermal
gradients to 120°F/inch axially, 1/, F/inch radially, and 133°F/n radians
circumferentially. Under these conditions, bearing characteristics could be
predicted within ten percent using the effective average bearing clearance.

A double-acting hydrodynamic thrust beaging was evaluated wité thermally
induced gradients to 67 -F/inch radially, 240°F/inch axially and 60 F/Q\radians
circumferentially. The effective bearing axial clearance after accounting for
bearing distortions as determined from statically measured axial end play
readings agreed within five percent of the clearance required to predict the
measured dynamic characteristics.
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SECIION 1.

INTRODUCT IO

As engineering advances improve materials and machine design techniques,
there is a trend for turbomachinery operation at higher speeds and temperatures.
To keep abreast with this trend, a need exists for improvements 1n the rotor
bearing and lubrication support systems for this equipment The use of gas as
the lubricant medium offers obvious advantages over commonly used liquid and
grease type lubricants. Previous experimental work (l)* has demonstrated the
feasibility of gas bearing operation in an inezt isothermal envircnment at
temperatures to 1400°F. However, 1in order to apply gas lubricated bearings ts
high temperature applicaticns which typically impose cxidizing environments and
thermal gradients, additional information regarding materials snd bearing
distortion effects is required. Although consideration could be given :2
isothermal bearing operation, the limitations imposed on turbomachinery design
to eliminate thermal gradients i1n the bearing region are considered too gres:
to consider this approach practical in most applications

The present program was 1lnitiated to 1nvestigate these areas Basically,
the program has a twofoid purpose, 1.e., tc investigate materials suitable for
use in bearings and construction to temperatures ci 1900 F and to determine gas
bearing limitations under ncn-iscthermal conditions to temperatures or 1900 k

A five step prcgram was conducted to select sultable bearing materials; 1 e

1. Review of base materials.

2. Review of surface coatings suitable fo: high-speed rubs
and start-stop operation.

3. Thermal dimensional stability evaluations ¢r base materials
in an oxidizing environment to 1400 F.

4. Static coating evaluations to 1900 F

5. Dynamic coating evaluations tc 1400 F.

As a result of the materisl investigation program, & n.ckel base s.per
alloy (Hastelloy X) was selected as the bearing base material. Although this
alloy was selected as one ot the best materials for the experimencal conditicns,
there was sti1ll evidence of dimensicnal instability ac temperatures of 1200 F
of the order of 1x10™% inches. It was felt that gss bearings may bs :apable ct
short term operation within the dimensional changes encountered. No su:irtable
material was found for use in an oxidizing envircnment at 1900 r, however

The surface coating selected was a nickel-chrome bonded chrome carbide
sprayed surface on the rctating membe: and a seli-bonded aluminum oxide spisyed
coating on the stationary member, This combination was nct 1mpe¢vicus to damsge
under the conditions imposed, but was representative of the best combination of
known available materials for applications above 1000 t

*Numbers 1in parenthesis refer to references listed at the end ot this report
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The results of the material studies are summarized in Refs. (2) and (3) and
indicate that presently available materials and coatings appear suitable for short
term operation but further development is required for prolonged operation at
1400°F in oxidizing environment. There do not appear to be any present day
materials suitable for gas bearing operation at 1900°F in an oxidizing atmosphere.

In order to investigate limitations of gas bearings at temperatures of 1400°F.
a plain cylindrical hydrostatic and a herringbone-grooved hydrodynamic journal
bearing were selected for evaluation. In addition, a hydrostatic thrust bearing
and spiral-groove hydrodynamic thrust bearing were also utilized for experimental
evaluations. The primary concern in bearing design under non~isothermal operation
is the induced bearing distortions that can result from thermal gradients. There-
fore, a three-phase program was outlined for bearing investigations, i.e.:

1. Bearing operation and performance determination under mechanically
distorted conditions.

2. Bearing operation under thermally distorted conditions.

3. Bearing operation under non-isothermal conditions and temperaturz:s
to 1400°F.

Under mechanical distortions, generally both hydrostatic and hydrodvyramic
bearings tend to average out the variations in bearing clearance and functiocn as
a bearing with this average clearance. Similar results were optained by thermally
inducing distortions in hydrostatic journal and thrust bearings. The experimental
results of the mechanical and thermal induced distortions are detailed i~ rerfercnces

(2) and (3).

This report summarizes the experimental work conducted during tne feriod ~f
1 March through 1 September 1968 concerned with thermally induced dist rt1i--: 5°
hydrodynamic bearing performance.
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SECTION IT

THERMALLY INDUCED HYDRODYNAMIC GAS BEARING DISTORIIONS

In the operation of turbomachinery at hign ambient temperstures -onsigerable
design penalties are encountered if it is necessary to operate the beari-gs iz an
isotnermal conditioa. The existence of thermal gradieats on che
introduces distortions of the bearing reducing bearing capabilities. Ia =
determine the influence of the distortions on bearing performarce o things
taper, out-of-roundness and misalignment were mecnaniczlly 1nduced in tne bearings.
In actual machines. it is more probatle tnat bearing distortionn: would result from
thermal effects rather than machanical loadiag. To investigate tne effects of
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thermally induced distortions on hydrodynamic bearing performs-ce a- experimsacs
rig that was capable of inducing thermal gradients in the beari-g regio- wss

utilized. Comparison of performznce with and without gradie=ts :1-"roducred sasouid
provide the basis for a recommendation on how to handle the desig- f Arydrodv-amic

gas bearings operating with thermal gradients.

Direct control oa the degree and type of distortio~ was p.ssibls duri-g the

mechanically induced distortion phase of the program, This. howe er, was -o5r tae
case when thermal gradie-ts were induced around the bearing regi-a. It was
anticipated, therefore, that the bearing would be subjected to s combiastion =f

distortions simultaneously which could not be readily separated. Acrizl mes:=ure
ments of the distorted condition of both shaft and bore while at cempersrure were
attempted without too much success. The primary difficulty arise=s Irom t-e fact
that thermal transients induce considerable drifting of electr:-ic gage while

air gages tend to cool the parts. Therefore, the thermocouples 1otsted around the
bearing region were used to provide the indication of the degree °f di-t rtin-,
Despite this difficulty, meaningful results were obtained wnich will as=1:t tne
designer of bearirgs for high temperature non=isothermal opsratiosn.

T ——

Test Rig (Non-Isothermal}

orted rotor with a hot

3
t the other. Such a }
1 beariag lccaticas !
£
&

Actual t.rbomachines usually consist cf a bearing sug
turbine wheel attached to one e€ad and a cold output sha

with particularly high ones at the hot end bearings. The test rig used for this
program is designed ro simulate the corfiguration of the turbomechine., At >-= ead
of the rotor a circumferential row of heaters surrouads & t-rust a-d j-uraai t
bearing simulating the hot end of a turbomachine. At the dther end ot the r-t=r é
is a secord jcurnal bearing and a small impulse turbine. Expa~zior of ccid gs-= E
through the turbine acts as a small hezt sink and aids i~ maintai-irg 3- axiai i
gradient along the test rotor. All rig components are made £rom Hastell:v X a-d ;
were specially heat treated to assure good dimeasional srtsbiiicy. i

The test rig shown in block diagram form in Figure 1 was used during all ‘
thermal gradients testing. Major componients of this test rig are

1. Rotor 3. Thrust Runner 5. Journal Bearings 7. Speed Pickup
2. Turbine 4, Thrust bearings 6. Positiorn Sensors

S e e g .
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The rotor configuration used for all gradient tests is shown in Figure 2
This rotos weighs 5.75 1lbs., has a polar moment of inertia of I_ = 5.89 x 107

in-lb-sec® and a transverse moment of inertia about its center 6f gravity of
I = 0.122 in-lb-sec?. A drive turbine is mount>d on one end of the rotor, a
tB¥ust runner on the other.

The hydrodynamic thrust bearing was of the inward pumping spiral groove type.
A double-acting configuration was utilized with a stationary thrust plate located
on either side of the rotating thrust disk. End play was controlled by the
spacer located between the two stationary thrust plates as schematically depicted
on Figure 1. A 2.625 inch thrust runner diameter was used with an outer to 1nner
radius ratio of 1.5.

The two journal bearings are identical in design and are 1.5 inches in diam-
eter by 1.5 inches long. Both contain fully grooved herringbone configuration in
the journal region for stability. The details of the bearing design are discussed
in the section containing experimental results.

Heat is applied to the test rig in two zones, one located at the thrust
bearing, and the other at the journal bearing nearest the thrust bearing. The
heat source at each area consists of six 200 watt heater cartridges, equally
spaced circumferentially within the heater zone. The position of each heater
zone is shown in Figure 3. Heater control is provided by nine autotransf::mers;
three used to control three pairs of thrust heaters and six to individually
control the journal heaters. In the event sufficient temperature levels cannot
be achieved, the gas supply to the bearing can be directed through a gas preheater
Details of the gas preheater design can be found in Reference 1.

An assembled view of the test rig prior to insertion of thermocouples and
attachment of gas lines is shown in Figure 4. Figure 5 shows the manner in which
the heater cartridges are inserted in the rig. To aid in determining the extent
of thermal gradient imposed on the test rig, many thermocouples were placed 1in
strategic locations in the test rig. Figure 6 shows where these lccations are.

Bearing Performance Evaluations

To establish the effect of thermally induced distortions on hydrodynamic
bearing performance, a series of controlled experiments were perrormed. Tests
both with and without thermal gradients were conducted and a record was kept of
several basic performance factors such as stiffness, and whirl threshold speeds

Evaluations of the journal bearings were conducted separately from the thrust
bearing experiments. Therefore, hydrostatic thrust bearings were installed for
the hydrodynamic journal evaluations. During hydrodynamic thrust bearing experi-
ments, hydrostatic journal bearings were installed. Operation, therefore, could
be started on the hydrostatic bearings and the hydrodynamic could be loaded after
attaining operating speed. This method of operation minimized starting torque
requirements of the air turbine.

The procedure used in making the journal bearing calibration test was as
follows. With the spin axis of the rotor oriented vertically, the drive turbine
was pressurized and the rotor brought slowly to a preselected speed. When this
speed was reached, the entire test rig was tilted toward the horizontal. At
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several angular increments corresponding to fixed amounts of radial bearing load
the test rig was rotated about the rotor's spin axis in 45 degree increments.

At eacnh tilt position, as the test rig was rotated, a sequential pnhotograph
was taken of the rotor orbit display on a CRO. The result of these photographs
was an eccentricity circle at each of the fixed radial loads corresponding to the
particular tilt angle photographed. The increase in the eccentricity circle dia-
meter with increasing tilt angle defined the stiffness of the bearings. To obtain
stiffness data at additional speeds, the rig was returned to the vertical position
and the test procedure repeated.

In addition to stiffness information, the calibration procedure included the
collection of whirl threshold speed data. Because the hydrodynamic test series
would be conducted at only one bearing clearance, the whirl speed would be deter-
mined only as a function of two rotor positions; vertical with no journal load
and horizontal with full journal loads.

As previously indicated, during evaluations of the hydrodynamic tnrust
bearing, hydrostatic journal bearings were utilized to support tne rotor.

The procedure followed to determine thrust bearing characteristics was to
start operation in the shaft horizontal increasing speed to 10,000 RPM  The rig
was tilted 5 degrees thrust end down to load one face of the thrust system. At
this condition a reading was taken from a capacitive probe sensing shaft end play.
This reading was utilized as the initial starting point for the test. The rig
was then tilted to horizontal and the axial movemeat of the shaft recorded Loads
were then applied on the reverse thrust bearing in varying incremeats and tne
axial shaft displacement recorded. The reason for loading on both thrust faces
was to eliminate any unbalance load errors at the shaft horizontal, zero load
position. This procedure was repeated at 15,000 and 20,000 RPM at ro-m tempcra-
ture conditions.

Experimental Results of Undistorted Herringbone Journal Bearings

Prior to rig operation the journal bearings aad rotor were dimensionally checked.
Figure 7 shows the inspection setup used to measure the rotor.

Measurements taken during this inspection showed the following-

A. Average rotor diameter - 1,49839
B. Average rotor out-of-roundness = R
C. Average rotor taper (Bearing area) - 50 u in.

An enlarged photograph of the herringbone pattern etched on the rotor at each
bearing location is shown in Figure 8. The helix angle of the grooves 1s 2.8
degrees. Each of the 36 grooves is 0.035 inch wide and 0.0006 inch deep.

The journal bearings were measured using a setup similar to the orne used to
measure the rotor. Figure 9 shows a bearing during inspection. Results of the
bearing inspection:

10
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Turbine End Thrust End

Bearing Bearing
Average Bearing Diameter 1.499323 in, 1.499548 in.
Average Bearing Out-of-Roundness 150 u in. 63 u in.
Average Bearing Taper 100 u in, 105 u in,

Following inspection, the bearings and the rotor were installed in the test
rig for a performance calibration, This calibration was made under i1sothermal
conditions and was directed toward determination of stiffness and whirl threshold
speeds at several load conditions, The purpose of the calibration test 1s to
establish the performance characteristics to which all the non-isothermal per-
formance tests are to be compared.

During the initial calibration, a bearing seizure was encountered at 32,000
rpm and was typified by the transfer of aluminum oxide from the bore of the
bearing to the surface of the journal, The failure was attributed to debris
entering the bearing during operation causing a localized loss in bzaring clear-
ance, The foreign matter was assumed to be generated from the high temperature
seals around the capacitive probes which tend to flake off particles wnen adjust-
ing the probes. Only twenty-five percent of the bearing was damaged on the in-
board end as shewn on Figure 10. An attempt was made to clean and continue to
use the bearing with a partial loss in load capacity after correcting the probe
seal condition. However, flaking of aluminum oxide particles from the damaged
portion of the bearing bore induced two more bearing failures at 19.700 and
40,850 rpm respectively., The second failure caused sufficient damage to prevent
any further operation., It was apparent that the initial failure should have been
completely repaired to avoid the latter two seizures. At this point the shafrc
journal was ground down and rebuilt by metal spraying and the herringbone pattern
photo etched on the shaft. The bearing bore was ground and resprayed with
aluminum oxide., The journal was finished straight within 75 microinches per 1inch
and round radially to within 25 microinches with an average radial clearance of
800 microinches.

After completion of bearing repairs, bearing calibration was conduczted by
initially tilting the rig to the shaft vertical condition (zero eccentricity) and
the threshold speed of whirl instability determined. The results are plotted on
Figure 11, compared to the experimental results obtained using the mechan:ical
distortion rig described in reference 3, As noted, the threshold speed compared
very closely to the previously obtained experimental data. The actual measured
threshold speed was 12,500 rpm,

Operating speed was reduced to 12,000 rpm and the load displacement charac-
teristics of the bearing were rechecked by tilting the rig toward the shaft
horizontal. This was repeated at 10,000 rpm. The results, compared to pre-
dicted performance, are plotted on Figure 12, Once again. the experimental
compared very closely to the predicted.

Non-isothermal Operation of Hydrodynamic Journal Bearings

Upon completion of the initial calibration, the rig was returned to the
vertical position, operation to 12,000 rpm was started, and all cartridge heaters
at the thrust end of the machine were energized. In order to increase the axial
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gradients, the thrust end was water-ccoled using cooling coils. The rig operating
in the shaft vertical ceondition is illustrated in Figure 13 during the gradient
test.

During the heating cycle, the rig became unstable, necessitating reducing
the operating speed. As a result, the threshold speed was monitored along with
bearing temperatures during the heating cycle The results of both the threshcld
speed change and the bearing temperature variations are plotted on Figure 1l4.
After 30 minutes, the threshold speed began to increase and continued to increase
throughout the heating cycle. During this heating cycle, the load capacity as
well as the threshold speed of the bearing were checked. As noted from Figure 14,
the average bearing temperature reached approximately 500°F. This temperature
represents an increase 1n gas v1Scosity over rocm temperature from 2.7 x 10’9 to
4.1 x 1077 lb-sec/in2. The increase in viscosity would reflect an 1increase in
both threshcld spesd and load capacity. However, Figure 14 illustrates a decrease
in threshold speed. This is attzibuted tc an increase in bearing radial clearance.
Using the experimental threshcld map cor Figure 11, snd the threshold speed of
Figure 14, cthe effective bearing clearance was computed and plotted on Figure 15
The effective clearance curve reflects that clearance required to produce the
stability speeds of Figure 14 including the effect of viscosity change In
addition, the average temperature difference between journal and bearing was
calculated from the change in clearance and plotted on Figure 15 In summary,
therefore, the threshold speed was used to determine effective bearing clearance.
This clearance was used to predict load capacity of the thermally distorted bearing.
The predicted results were compared to experimental for verification of the ability
to analytically predict performan:ze 5f a thermally distorted bearing.

After 120 minutes of heating, the number of heaters energized were modified tc
include four thrust and four bearing heaters. After approximately 160 minutes, all
heaters were turned off. During the changes in energized heaters, the threshold
speed was checked and the erfective clearance determined. Load capacity was alsc
determined at 145 and 215 minutes. Figure 16 outlines the bearing temperature
during the complete test Included on this figure 1s a tabulation of computed
versus actual load displacement characteristics of the bearing  The computed
characteristics as previously indicated are based upcn the eifective clearanze in
the bearing as determined trom the stability charactzristics. As noted, the actua.
displacements under lcad are within 50 microinches or predicted and 1n most cases
are within 20 microinches. The trends in load capacity follow the predicred very
closely. These results indicated that the bearing performance in terms of both
stability and load characteristics can be determined very accurately i1f the
effective clearance resulting after thermal distortions can be determined. As
noted from Figure 17, which depicts the clearance with and without thermal gradients,
the bearing indicates considerable out-of-roundness as a result of the gradients
In additicn, from the observed bearing tempezatures on Figure 16, there is also a
bell-mouth plus taper condition exlsting in the bearing  Despite these distortions,
the bearing tended to average out the variations and function with an average
clearance, These results follow the same trend observed when mechanical distor-
tions were induced into the bearing.

The type of overall gradients induced in the test rig during the heating and
cooling cycles can be noted trom Figures 18 through 21 These tigures represent
rig temperature at time 85, 110, 145, and 215 minutes, respectively. Consider-
ing the bearing region only, axial gradients to 120 F per inch, radial gradients
to 160'F per inch, and circumferential gradients to 133°F per 7 radians were

18




Fig. 13 Thermal Gradient Rig During Gradient Test
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Fig.

17

Effect of Axial Gradients on Diametral Clearance
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experienced. These gradients were considered in excess of the normal gradients
to be expected in turbomachines. However, despite this, the bearing continued to
operate satisfactorily with predicted performance. It should be pointed out that
due to the distortion, minimum running films in the bearing were reduced. This
indicates that operation of this bearing would be limited to eccentricity ratios
less than 0.5 under the gradients imposed.

It is interesting to note that gradients in the thrust bearing region were
also very high. For these evaluations, a hydrostatic thrust bearing was utilized.
At the extreme temperatures of Figure 9, the thrust plates warped sufficiently to
cause leakage of the pressure behind the thrust plate and limited maximum thrust
loads. Upon completion of the tests, permanent distortion of the thrust plates
was noted. Maximum temperatures imposed on the thrust plates during the tests
reached 1050°F. As noted during the tests with the Hastelloy X material, there
is a tendency for dimensional instability at temperatures above 1000°F. 1In
addition, the material stability tests were conducted without prestressing the
components., In the actual rig operation, the thrust plates were held in com-
pression. It was felt that this might add to the dimensional stability problem
The degree of distortion encountered was less than 50 microinches across
approximately four inches. This, however, was sufficient to cause leakage around
the static seal formed by the thrust plate and the housing. It was further felt
that this type distortion would be typical for high temperature operation and
would necessitate consideration in the initial design phase to accommodate it.

No permanent distortion was evidenced in the journal bearing regionoof the rig or
of the thrust runner. These areas, however, did not reach the 1000 F temperature
range of the thrust stators.

Hydrodynamic Thrust Bearing Evaluations

As previously indicated, during the hydrodynamic thrust bearing evaluations
hydrostatic journal bearings were used for radial support. The purpose of the
evaluations conducted was basically directed toward verifying the ability to
predict hydrodynamic thrust bearing performance when subjected to thermal distor-
tion. This presupposes that the exact type and degree of distortion can be found.
Unfortunately, this is an extremely difficult task and is complicated by the fact
that temperatures in the thrust bearing region reach 900 F. Therefore. an indirect
method of predicting performance was used where it was necessary to assume the type
of distortion. There was, however, physical experimental evidence to verify the
assumptions used. The procedure can be outlined briefly as follows:

As seen from Figure 22, the total thrust bearing clearance should be the
difference between the spacer thickness and the thrust runner thickness. When the
rig is assembled at room temperature, the measured end play of the shaft was found
to be less than the difference between spacer and runner thickness. This dif-
ference is due in part to squareness variation and partly due to distortion of the
thrust plate faces under the assembled clamping action. The measured end play was
corrected for the measured unsquare conditions and the difference between this
figure and theoretical play that should exist, was attributed to distortion.

The rig was then heated in a static condition and the end play was measured

during the heating and cooling cycles. The temperature of both runner and spacer
was measured to determine any change in end play due to differential temperatures.
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Beyond this, changes in end play were attributed to distortion of the thrust
plates.

The distortions during both initial assembly and during the thermal cycle
tend to reduce the effective bearing clearance. Depending upon whether the !
distortion i1s dishing or crowning cf the thrust plates, the reduction 1in
effective clearance can vary between 40 and 60 percent of the total distortion
Contact marks between runner and thrust plate during actual running, infer that
crowning of the thrust plates occurred. Therefore, 60 percent of the loss in
clearance attributed tc distortion was applied to determine the effective bearing
clearance.

Performance of the bearing over the heating cycle was determined analytically
using the effective bearing clearance. The rig was then operated over the same
heating and cooling cycles with the lcad deflection characteristics determined
at varying intervals during the test. The effective clearance necessary to
produce these characteristics was determined analytically. In ozder to determine
how well actual performance fcllowed predicted, a comparison was made between
effective measured bearing clearance statically and the effective bearing
clearance necessary to produce the dynamic characteristics. The difference
indicates how closely performance can be predicted under thermally distorted
conditions. With this brief description of the experimental procedure, the
details of the results may be more clearly understood.

The thrust bearing was assembled with a built-in axial clearance (total)
of 0.00357 inches. End play measurements indicated a clearance of 0.00316
inches. The additional loss in end play of 0.00041 was attributed to distort:ion
resulting from the compressive clamping stress on the thrust plates Operation
indicated this distorticn was primarily coning of the thrust plate which would
tend to reduce the effective bearing clearance by 60 percent of the crown height
The resulting effective bearing clearance pricr to heating the bearing therefore
was 0.00332 inches.

Additional end play checks ctf the bearing were made during 2 static heating
cycle. Variations in end play were attrzibuted primarily to additiomal crowning
of the thrust plates. Figure 23 cutlines the measured temperatures in the
thrust bearing region, and the change 1in measured end play of the thrust system.

During the initial heating cycle, a slight increase 1in end play was observed
indicating the initial transient temperature condition tended to reduce the
distortion conditicn. After 30 minutes, the end play began to decrease until
the heaters were cut off. The differential temperature between runner and spacer
represented a loss of approximately 0. 00015 inches in end play during the heating
cycle. When the heat was :zemcved, the differential temperature between runner
and spacer dropped from 50 F to 10 F in three minutes. This tended to open
the clearance 0.00012 inches. However, the transient condition induced
additional distortion of the thrust plates with an overall sudden decrease 1in
total play in a ten minute period After the initial transient, the end play
increased and after four hours returned to within 0.00006 inches of initial
measurements.
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As previously indicated, the end play measurements do not necessarily
reflect the effective bearing clearaance. This is the nominal clearance at which

the bearing attempts to operate. When the thrust plates distort inward to remove
end play, the effective clearance is reduced only a percentage of this clearance
change depending upon the type of distortion. During actual operation of the
thrust bearing under distorted conditioas, contact occurred at the inboard edge

of the inboard thrust plate and runner as shown on Figure 24. This inboard plate
was the heavily loaded thrust member. On the light loaded plate. contact occurred
both outboard and inboard. This implies that the inboard plate distorted in a
crowned condition while the outboard tended to remain reasonably flat with some
light dishing occurring. The interpretation of these contact areas is that
crowning is the major cause of end play change. Therefore, following the
mechanical distortioa experimental results, the loss in effective clearance was
taken as 60 percent of the distorted crown height as determined from the ead play
measurements. It should be pointed out that the contact marks were ind.iced during
test by loading the bearing to contact. Although not appareant from Figure 25,
there was no measurable bearing damage discernible from the induced contact.

Following this approach, it is possible to tabulate end play and effective
bearing clearance in Table I.

EFFECTIVE THRUST BEARING TOTAL AXIAL CLEARANCE

Runner to

1
1
TABLE T

Spacer Crown Effective Ax1al
Time End Play Thermal Crowth Distortion Bearing Cleara-ce
Mins. x 103 ins. x 103 ias. x 103 ins. x 10 ins
0 3,16 00 41 3.32
30 33 ~.18 09 S04
45 2:.96 «.18 .43 3. 31
60 2476 -, 15 .66 Sienlty
75 1.96 -.,03 1258 2.62
90 2.46 -,03 1.08 2.92
105 2,61 =,02 .94 (0
120 P ils) -, 02 i 3. 13

(-) Indicates loss in play.

The resulting effective axial clearance does not reflect the influence ~f
frictional heating or cooling effect of windage around the rotating thrust ruaner
At the maximum operating speed of 20,000 rpm these influences should not seriously
alter the temperature distribution During the heating and cooling cycles while
operating the unit over the speed range, the temperature distribution as shown o2
Figure 25 was recorded. As noted, the temperature changes indicate approximately
the same slope and distribution although peak temperatures are approximately 70 F
cooler. The assumption that the distortion of the thrust plates will follow the
same trends as determined under static conditions, appears very reasonable
During the heating and cooling cycle, the lcad displacement characteristics of
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Fig. 24 Hydrodynamic Thrust Bearing After Thermal Distortion Test
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the thrust bearing at 10,000, 15,000 and 20,000 rpm were determined. The
tabulated measured results are outlined in Table II.
TABLE 11

HYDRODYNAMIC THRUST BEARING
EXPERIMENTAL LOAD DEFLECTION CHARACTERISTICS

10,000 RPM 15,000 RPM 20,000 RPM
Time  Load Displ. Time  Load Displ. Time  Load Displ.
_(mins) (1bs) (x103ins) _(mins) (1bs) (x103ins) _(mins) (lbs) (x103ins)
0 -.48 0 0 - .48 0 0 - .48 0
(100°F) .00 1.315 .00 1.988 00 .792
48 1.755 .48 1.36 48 1.052
1.425 2.02 1.425 1.58 1 425 1.272
2.75 L. 712
20 - .48 .00 27 - .48 .00 2.75 1.45
(400°F) .00 1.25 (470°F) .00 .965 TS Touch
48 1.93 48 1.449 35 - .48 00
1.425 2.13 1.425 1.69 (550°F) .00 659
2.67 Touch 2.75 1.84 48 965
70 - .48 .00 65 - .48 .00 1.425 .23
(680°F) .00 .57 (675°F) .00 439 2.75 1.34
.48 .90 .48 25 3.68 Touch
1.425 1.183 1.425 .965 69 - .48 00
78 -.48 .00 2.%3 1.12 (670°F) .00 351
(630°F) .00 .351 80 - .48 .00 .48 572
.48 .615 (600°F) .00 .263 1.425 835
1.33 Touch 48 .395 2.75 101
101 -.48 .00 1.425 614 2.8 Touch
(370°F) .00 .763
48 1.14 98 - .48 .00 83 - .48 00
: 1.425 1.39 (375°F) .00 .439 (550°F) .00 198
» 300 - .48 .00 48 .79 48 351
(100°F) .00 1.27 1.425 1.01 1.425 572
48 .71 300 o A ) 95 - .48 00
1.425 1.93 (100°F) .00 1.095 (400°F) .00 316
2.50 Touch 48 1.492 48 572
1.425 1.712 1.425 747
300 -.48 .00
(100°F) .00 .857
48 1.14
1.425 1.36
2.75 1.49

In order to provide a comparison between the experimental results and pre-
dicted results, the approach followed was to determine the axial thrust bearing
clearance required to produce the experimental results. This, in turn, was
compared to the effective clearance as previously determined.
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The computed load deflection characteristics of the bearing conflguratlon
w1th 0.004 1nch total clearance at 15,000 rpm are plotted on Figure 26 for 100° ¥,
460°F and 860°F. Similar plots were constructed for 10,000 and 20,000 rpm.
Referring to Figure 26, the left-hand position of the curve reflects the load
capacity on one thrust face while the right-hand side is the reverse thrust face.
The right~hand portion of the curve actually reflects negative loads relative to
the left-hand portion but was plotted as shown for convenience. At 0.002 inch end
play, the load capacity is zero. For a load variation from —1 pound to +1 pound,
the axial rotor displacement would vary from 0.00081 to 0.00319 or a displacement
of 0.00238. As the total end play of the thrust bearing is reduced, the left-hand
and right~hand portions of the curve move closer to each other by the reduction in
end play. The intersections of the curves represent the midpoint or zero load
point of the bearing. The final load capacity characteristic is the difference
between the sum of the right and left side of the curves, remembering that the
right-hand side has negative values of load.

The load deflection characteristics of the thrust bearing were calculated for
axial total clearances of 0.004, 0.0035, 0.003 and 0.0023 inches The data was
plotted in the form of the experimental data, i.e: wutilizing —0.5 pounds as zero
axial deflection. The results are shown on Figures 27, 28 and 29 for 10,000,
15,000 and 20,000 rpm, respectively. 1Included on these plots are the experimental
points of Table II. From this data it is possible to estimate the apparent bearing
clearance necessary to produce the cxperimental results. This information is
tabulated in Table I1I

TABLE I1I1

THEORETICAL BEARING CLEARANCE
TO PRODUCE EXPERIMENTAL RESULTS

10,000 RPM 15,000 RPM 20,000 RPM

Effective Effective Effective

Time Axial Cl. Time Axial Cl. Time Axial Cl.

Mins. x. 10 ins., Mins. %10 ins. Mins. X1~ ins,
0 35 0 3.4 0 3.3
20 3.8 27 3.4 35 3.5
70 3.2 65 3.C 60 Sl
78 2.8 80 2.6 83 2.6
101 S 98 2.9 95 S0
300 2 300 S 300 S

A comparison can now be made between the effective bearing clearance that
would be used to predict performance of Table I and the clearance necessary to
produce the experimental results of Table II1. This is shown on Figure 30. Tt
is obvious that the effective bearing clearance of Table I could be used to
predict performance and compared with final results. The actual procedure used
essentially accomplishes the same thing and proved more convenient, having
established the load deflection characteristics of Figure 27 through 29 prior to
test. It also provides a clearer approach to reviewing the overall comparison
The time base of the data of Table I as plotted on Figure 30 was increased by 15
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minutes after the 60 minute data point because of the additional 15 minute
heating time during dynamic tests. This places the heating cycle and cooling
cycle of both static and dynamic tests on the same time base.

It may be noted from Figure 30 that the effective bearing clearance during
operation tended to increase during the first 30 minutes of heating followed
by a decrease during the remaining 45 minutes. This followed the statically
measured trend during this period. As the heat was turned off, the operational
clearance dropped and then increased, following the trend of the statically
measured results. Experimental results followed predicted results within five
percent, which is considered extremely good since the actual physical distortion
of the bearing could not be measured directly.
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SECTION III

SUMMARY OF RESULTS OF
NON-ISOTHERMAL OFPERATION OF HYDRODYNAMIC EEARINCS

Herringbone journal and spiral-groove thrust bearings were subjected to
operation under non-isothermal conditions. The distortions resulting from the
induced thermal gradients could not be measured directly. However, through
indirect means, it was established that bearing performance could be predicted
by utilizing an effective bearing clearance. This effective bearing clearance
was found to be the average bearing clearance while in a distorted condition.

This same tendency was observed during mechanically induced distortion evaluatioas.

In the case of the herringbone journal bearing operation was conducted with
axial bearing gradients to 120°F/inch, radial gradients to 160°F/iach and cir-
cumferential gradients to 133°F/r radians. Under these conditions, the bearing
load characteristics were predicted within ten percent using the effective
bearing clearance.

The spiral-groove double-acting hydrodynamic thrust bearing was subjected
to thermally induced gradients to 67°F/inch radially, 240°F/inch axially, and
6OOF/n radians circumferentially. The effective bearing axial clearance after
accounting for bearing distortions as determined from statically measured axial
end play readings agreed within five percent of the clearance required to produce
the measured dynamic characteristics. This verifies the results obtained during
mechanical distortion evaluations and iadicates that thrust bearing performance
can be predicted once the type of distortions within the bearing is known.
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