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air flow requirements to remove self-generated heat. The detrimental influence of porous
journal surface coatings on bearing load performance was demonstrated.
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SUMMARY

A 38.1 mm (1.5 inch) diamcter HydrusilTM Compliant Surface Air Lubricated
Journal Bearing was designed and tested to obtain bearing porfurmuzfv
characteristics at both room temperature and 315°C (600°F). Testing was
performed at various speeds up to 60,000 rpm with varying loads. A maximum
steady state bearing load of 1.75 x 10° N/m> (25.4 psi) at 315°C (600°F)

was obtained during the test program.

The program objectives centered around two phases of testing. The first
test phase was conducted at room temperaturc for the purpose of obtaining
direct film characteristics. To achieve this objective, a unique method

of instrumentation was designed, fabricated and tested by Mechanical
Technology Incorporated to measure directly the minimum film thickness

value and film thickness profile in the comp.iiant surface bearing. The
measurement system utilized specially fabricated capacitance proximity probes
mounted in the rotating journal surface. The electrical signal was obtained
from the rotating shaft using an adaptation of a conventional brush and

slip ring assembly. Testing was conducted on test bearings with an L/D = 1
and L/D = 1/2 at two bearing clearances each, at a variety of spceds and
loads. The experimental data has been compared with predicted minimum

film thickness values for an L/D = « bearing obtained using an existing
computer program which is based on a one-dimensional analysis. Minimum
film thickness values as a function of load are presented in dimensionless
form as a series of curves which allow approximate finite bearing factors

to be obtained.

The rotating sensors provided an opportunity to examine the t{ilm characteristics
of the compliant surface bearing. In addition to providing minimum film
thickness values and profiles, many other insights into bearing operation
were gained such as the influence of bearing fabrication accuracy and the

influence of smooth foil deflection between the bumps.
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L, _INTRODUGTION
This report describes Part | of a technology program perfermed for the
NASA Lewis Rescarch Center for the development of hydrodynamic air
lubricated compliant journal bearings for an automotlve gus turbine
engine., Part I of the program focused on advancing compliant surface
journal bearing technology by providing design information through an
experimental and analytical effort. Part LI of the program, which is
currently in progress, will investigatce and test materials and coatings
for compliant. surface bearings and journals suitable for operation in

a 537° - 648°C (1000° - 1200°F) environment.

The rotating film measurement system was designed by Leo Hoogenboom
of the Mcasurement Science Section of MI'I. Fabrication of the
components for the measurement scnsors and their installation into
the test shafts were performed by Robert Moss of MTIL. William Miller
of MII's Filuid Film Tribology Section assisted in the analytical

correlation of the film thickness test data.

BACKGROUND AND APPLICATION

The U.S. Energy Research and Development Agency is currently funding

the development of an automotive gas turbine cngine that will mcet
propesed Federal emission standards and demonstrate improved fuel
cconomy over a comparable internal combustion engine., To enable tuture
automotive gas turbine engines to achieve the performance requirements,
the engine must be compact, operate at high rotational specds, uti-

lize high turbine gas temperatures.and be cost competitive. The high
turbine gas temperatures will impose temperature requirements on turbine
end support bearings that will eliminate the practical use of oil lubri-
cated support bearing systems in these arcas.  The hydrodynamic air
lubricated compliant journal bearing is g likely candidate to rill this
requirement,  Potentially, the compliant air lubricated bearing otfers

the tollouing advantages:
e lHigher cycle operating temperatures,

o Elimination of oil requirements and limitations.

- - e e
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e Creater accommodation of thermal distortions, assembly variations,
and dynamic shaft motion because of bearing compliance,

e Reduced frictional power loss,

e Reduced rotor noisc,

o Lower bearing costs,

Under a separate contract (ERDA/Chrysler 68~01-0459- 7.3 MT1 has designed,
fabricated, and tested a HydresilTM air lubricated compliant journal
bearing for the A-926 Upgraded Chrysler/ERDA Automotive Gas Turbine Engine.
The bearing is being used at the drive turbine end of the gas generator

and is subjected to a temperaturc range of =34°C  (=30°F) to +275°C (525°F).
The program reported here was performed to advance the technology of
compliant surface air lubricated bearings and to assist in the design and

application of bearing systems for the automotive gas turbine engine,

PROGRAM OBJECTIVES

The basic objective of this program was to conduct a fundamental study
of air lubricated compliant journal bearings in a combined precise test
rig measurement and analytical effort. Specific program objectives

included:

e Modification of an existing MTI owned test facility to program

requirements,

e Design and fabrication of a Hydresil compliant surface journal

bearing.

e Design and fabrication of a rotating capacitance sensor system for

obtailning direct film measurements.,

e Testing of the journal bearing over a range of speceds up Lo
60,000 rpm and loads up to 2.1 X 106N/m2 (30 psi) as measured on the
bearing projected arca for the purpose of obtaining bearing per-
formance characteristics to include ! bearing (ilm characteristics,

bearing cooling air requirements, and bearing power loss.

e Analysis of experimental test data and correlation with existing

infinite width bearing theory.
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A significant portion of the program included the design, fabrication, in-
stallation, and testing of the sensor system used to obtaln the direct £ilm
measurements, 1t is believed that this work represents the first time

that direct film measurcments of a compliant surface bearing have been
obtained at speeds typical of turbomachinery that would utilize the compliant

surface bearing.

The test program was designed to obtain experimental data that could be used
to correct an exristing infinite length bearing theory for side lcakage
effects and to vonstruct design charts to assist in the design of rotor

bearing systems that would utilize the compliant surface hearing.

Testing was conducted at 315°C (600°F) bearing temperaturce to determine
bearing cooling air fiow requirements and to investigate the influence of
thermal distortions on bearing performance. The film thickness data was

obtained at room temperature conditions,
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Lle (EXISTING STATE OF COMPLIANE BEARING ANALYSIS

The Hydresil test bearings used in this program were designed urilizing
existing MIL computer programs, A detalled description of the analysis
together with the Journal Boaring Computer Program HYDRE is gpiven in
Reference (2], 7The program is written for use on the GE Mark 1D Time

Shuring System.

The fellowing discussion descifbes the assumptions and highlights of the
one dimenslonal analysis and includes the design curves gencerated for the

test bearing ond an example of the computer input and output.

ONE-DIMENSIOM AL HYDRESIL JOURNMAI BEARING ANALYSTS

A schematic showing the geometrey and the coordinate system used in the
analysis is given in Figure 1I-1. A load, W, {s applicd tu the test
bearing causing it to displace a distance, e. The shaft is rotating
at speed, ., and has a radius, R, The bearing casing is tvigid and

contains an elastic bump foil covered by a smooth top foil.

Under zero load, the clearance between the shaft and a seated {oil would

be, € The minimum fili thickness for a rigid bearing under Icad weald

thus be C-e.  This is not the case for a Hydresil bearing because the foils
are frec to deflect and the film thickness can be substantially larger than
C-e and in {act ¢ can, for sufficiently compliant beurings, be considerably
greater than C.

The twe modes of detlections of the feils which have been considered in

the anaiysis arc shown schematically in the bottom portion of Figure II-1.
First, the bump foils are free to deveorm under load and the deflection of
these foils will have a dominant role in the bearing stiffness, Sccond, the
upper foils can din down under pressure between the buaps causing grooving

to oceur which could have an ef fect on the tilm thickness,
A nargow groove theory s used (o computing the eftfects of grooving on film
thickness coupled with the elastic bending theory which dictates the extent

to which grooving will occur under the hydrodynamic pressure.

4
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Analyses have been performed to predict the deflection of circular arc

bumps under load applied at their center, ‘Tthese analyses include the
effects of the height, length, and thickness of the bumps and the effects

of friction between the bump foil and the housing. The bump deflection
analysis is then coupled with the top foil analysis which is further coupled
with the global hydrodynamic analysis to result in the full analysis for a

one~dimensional journal bearing.

All analyses thus far have been performed for a single 360° pad rather than

an assembly of pads.

Figure II-2 shows as a function of bearing load, the shaft dc¢flection, minimum
film thickness, and frictional power loss predicted for the Hydresil test
bearing at 060,000 rpm, The shaft motion shown in the figure represents the
relative radial displacement e between the rotating shaft and the rigid bearing
casing. Figure II-3 is a sample of the input and output dimensional parameters

required by the Hydresil computer program,
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SHAFT MOTION AND MINIMUM FILM THICKNESS, mm (INCH)

SPEED: 60,000 RPM
LENGTH: 38.1 mm (1.500 IN.)
DIAMETER: 38.1 mm (1.500 IN.)
DIAME TRAL CLEARANCE: 0.0635 mm (0.0025 IN.)
AIR TEMPERATURE: 600°F
AIR VISCOSITY: 2.98 x 10-® N-SEC/CM2
(4.32 x 10"9 LB-SEC/IN.2)
AMBIENT PRESSURE: | ATM (14.7 PS!)

0.125
(.005) \

‘ POWER —90
N ol
(.004) N,

—75
-~\\ B / (0.10)

0.075 o

(003) 160

(0.08)
SHAFT DEFLECTION _

0.050 /‘/ 45

(.002) \, ~ (0.06)
7~
MINIMUM FILM -~

7 —30
0.025 — (0.04)
o -~ (0.02)

50 100 150 200 250

(11.2) (22.5) (33.7) (45.0) (56.2)
BEARING LOAD, N (LB)

Pig. b=l Computoer Predicted Ttegt Jdournal Bearing Perlormance
Curve - (One Dimensional Analvsis)

FRICTIONAL POWER LOSS, WATTS (HP)
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INPUT

1. LENGTH (IND>y 2. DIAM. (IN)s 3, BUMF HEIGHT (IN) =T71,5,y1.52,E-2

4, BUMF LENGTH (IN)» 5. BUNP FITCH (IN)sy  H. BUMP THICK.: (IN) =P1,4E~1¢1.8E~1+4,E-3

7. TAPE THICK. (IN)y 8. CLEARANCE (TN 9 TEMF, (F) =T4,E~-3y1.29E-3¢1,E2

10, AME. FRES, (FSI)» 11, SFEED (RFM)y 12, E7C =71.47E1»3.5845. 1

OUTPUT

LENGTH (IN) = 1.500000E+00

FOAD CLEY = 1, 308849E4+05

FOWER (HE S = 2, 6245 48F 08

Fig.

BUMF LENGTH (IN) = 1,400000F~

TAFE THICK, (INY = 4,0300000F -

DIAM. (INY = 1,500000E+00 BUMF HEIGHT <1

01 BUMF FITCH (INY 0 1.800000E-0G1 BUMF

-03 CLEARANTE (ITH) = 1.250D00FE~03 TEMF

FIN, FILb THICK, CINY = 1,028 E-03 ATT.

I1-3 Sample Input and Output for Journal Bearing
Computer Program (HYDRE)

NY =

2.000000E-02

THICK. (IN)

{(F)

ARG,

4,000000E-03

s 1, O00UONEFOD

AMEB. FREZ. (FST) = 1,470000F101 LBEEED (RFPMY = A, 500000E+04 EAG = Go000060E~01

(LEG)
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111, TEST BEARINGS

SENSOR SYSTEM REFERENCE AIR BEARING

Three self~acting rigid surface bearing designs were considered for the
initial checkout bearing of the rctating sensor system. For each of the
three bearing designs considered, sufficient analytical and experimental
data existed for use in comparing the program test data. The three bearing

designs considered and their limitations were:

e Rigid Surface Plain Sleeve Bearing - This type bearing while simple

to fabricate tends to operate in an unstable regime at high ro-

tational speeds,

e Tilting Pad Bearing - Space available for the floating sleeve housing

was limited, and a difficult mechanical design would be required to

incorporate a tilting pad bearing. The high fabrication cost was

another significant factor.

e Spiral Groove ~ The best high speed performance of this type bearing

is achieved with the grooving on the shaft. If a spiral groove
bearing was to be used, the grooving would have to be placed on the
bearing. The high cost involved with grooving the bearing was a

significant factor.

The rigid surface, plain sleeve bearing was selected as the initial sensor

system check-out bearing, This selection was based on the following:
e The bearing could be conveniently adapted to fit in the same
floating housing as the compliant test bearing.
e Reliable analytical work was available.

o Initial fabrication cost was low.

The analytical work of A,A, Raimondi [ 3' was selected for comparison with the
experimental data.  Raimondi's analysis was chosen since his numerical technique
is believed to be the most accurate available for solving Reynold's Equation

for a finite 360" gas journal bearing, In addition, his analysis has been

shown to have good agreement with experimental data in the range of compress-

ibility aumbers anticipated fn the testing. The boaring was designed to operate
in o stable vepgime at speeds up to 1,000 rpm.
9
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The bearing was fabricated of SAE 660 Bronze and installed in the floating
sleeve housing with a light press fit prior to final machining of the bore.
The bearing bore was lapped to a diameter of 38,1287 mm (1.50113 inches) and
had a total out of roundness of 00,0015 mm (0.00006 inch). The radial bear-
ing clearance with the film thickness measurement shaft was 0.0213 mm

(0.00084 inch),

COMPLIANT SURFACE TEST BEARING

A single pad 360° arc design MTI hydresil Journal Bearing, shown in Figure LI1I-1,
was sclected as the compliant surface test bearing. Figure III-2 shows the
basic mechanical design of the bearing. A single pad Hydresii was selccted

over the multiple pad design for the following reasons:
e Existing infinitely long bearing analysis programs are based on the
360° arc configuration.

e The single pad design has the minimum number of foil interruptions

around the circumference resulting in simplified test data,

e Single pad bearings can be manufactured with greater accuracy and
consistency.,

¢ The single pad bearing has a greater load capacity for a given
operating speed.

e The single pad Hydresil bearing is currently in use in the

Chrysler/ERDA Automotive Gas Turbine.

4
Test bearings with two L/D ratios were designed using existing computer
programs for infinite length bearings. The bearing design character-
r
istics shown in Figure I1I-3 were as follows:
Smooth (top) Foil Thickness: 0.1016 mm (0.004 inch)
Bump Foil Thickness: 0.1016 mm (0.004 inch)
Bump Geometry:
length 3.556 mm (0.140 inch)
piteh 4.572 wm (0,180 inch)
height 0,508 mm (0,020 inch)
Lvpe partial arce {
10
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CARTRIDGE SUITABLE FOR
INSERTING IN RIG
BEARING HOUSING

L/D=1.0 OR

p—— L/D= .50 ——

2ot

! ‘L \ THERMOCOUPLES

|

D=38.1 mm
(1.5 INCH) i
3 CLOSE
. CIRCUMFERENTIAL
CONFORMITY
CLEARANCE
ADJUSTMENT
_ FROM SHIM
SECTION A-A INSERT UNDER

THIS END ONLY

HOLES IN CARTRIDGE
FOR COOLING AIR

Fig. [T1~2  Mcchanical Design of Test Journal Bearing
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B, = Bump Height .
BQ = Bump Length j
Bs = Bump Pitch '

tB = Bump Foil Thickness

|
tT = Top Foil Thickness %
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Fig. 111-3 Compliant Bearing Design Details q

yV -




Bearing Diameter ¢ 3800 mm (1.500 inch) ‘
L/D Ratio : L oand 1/2 !
Dry Film Lubricant (Hohman M-1284):  0.005-0.007 mm (0.0002 - ‘
0.0003 inch)
The material used for both the smooth foll and bump foil was Inconel X-750.
The material, obtained in the annealed condition, is aged before use at '
705°C (1300°F) for 20 hours which results in the following mechanical
properties at room temperature:
0.2% Yield Strength: 6.55 x lOSN/m2 (95,000 psi)
Ultimate Tensile Strength: 9.65 x IOBN/m2 (140,000 psi) 1
Endurance Limit (108 cycles), 1.38 - 2,07 x 108N/m2 ,
(20-30,000 psi) |
:
The bearing was mechanically designed to support a 2,07 x IOSN/m2(3O psi)
load. The maximum bump stress associated with this loading was one of the
important factors in the bearing design and was calculated with the use of
the computer program BUMSTR. Various factors such as foil thickness and
bump geometry could be veried independently in  the computer program to ‘
obtain a bump foil design in which the maximum bump stress would not T
exceed the 0.27% yield strength of the Inconel X-750. The maximum bump stress !
in the test bearing design, calculated at a load of 2,07 x IOSN/m2 (30 psi), i
was 6.09 x 108N/m2 (88,358 psi). i
a
{
The bump foils were formed on a precision steel die utilizing rubber pad ‘
forming techniques.  The precision dic and a formed foil arce shown in xf
Figurce 111 =4, "This method of forming enables an entire bump foil to bte i
formed in one operation and provides the greatest bump uniformity and {
accuracy, The bump foils were formed with the material in the annealed {

condition. “
|
!
|

Fach bump toil used in a bearing was fnspeceted prior to assembly into the
test bearings,  Iwo methods were usced to jnspect the parts. The bump
protet ry owas chiecked us oy g comparator with o 10X magnitication.  This

procedure allowed the bump piteh, length, are radius, and heisht to be

checkeds  Te addition, the height of cach bunp was checked using the
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following procedure, The bump foll was placed on 4 surface plate with a
parallcel bar weighing approximately .9 kg (2 pounds) on top of it, An
electronfc dital Indlecator was then used to check the height of cach bump,

The total variation in bump heights was less than 0,0127 mm (0,0005 inch)
Two thermocouples were attached to the buwmp foil as shown In Figure I1LI-2,
The thermocouples were formed by fusing the ends of 0.25 mm (0.0l0 inch)
diameter iron-constantan thermocouple wire together to form the junction.

The iron wire of the thermocouple was then spot welded to the bump foil, The
leads were carefully brought out of the bearing in a4 manner to allow com-

plete freedom of dynamic movement of the foil members.

The smooth foil was checked for thickness uniformity after heat treatment.
Total variation in thickness was less than 0.0077 mm (0.0003 inch). The
dry film lubricant wus applied to the smooth foil after the heat treatment
process by spraying. The coating was cured and then burnished to obtain

the proper thickness,

Each foil was first formed to conform to the journal diameter then individ-
ually spot welded into the bearing cartridge. The bump and smooth foils are

welded at only one end and uare separated by a spacer block.

The internal bearing clearance of a finished bearing is determined by per-
forming a load deflection test on the bearing. A schematic of the test
apparatus used to perform this test is shown in Figure III-5, Figure 1IT-6
is a plot of the test data obtained from the load deflectior. test. The
internal clearance of the bearing is defined as the total motion of the
bearing when a 0.9 kg (2 pound) load is applied first downward then upward.
The bcaring clearance is indicated on Figure I11I-6. The 0.9 kg (2 pound)
load value used roughly corresponds to the static load on the bearing due
to the weight of the bearing housing and load support mechanism, This
value is also sufficient to seat the folls against cach other and the

bearing housing,

The internal clearance can be varied in a finished bearing assembly by in-
serting an adjustment shim between the bump toil and bearing cartridge

bore as shown in Figure 111=2,
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The bearing stiffness fs determined from the slope of the curve of shaft
motion versus bearing load which is generated from data obtained from the

computer program output, Figure II-2 shows the plot for the program test

bearing which had a stiffness of approximately 1.38 x 108 N/m2 (20,000 1b/inch),

Bearing stiffness can be varied by changes to the bump foil design character-
istics such as foil thickness and/or bump pitch. Since the majority of the
bearing compliance in this design is due to a soft bump foil rather than the
air f£ilm, the bearing stiffness will be quite sensitive to the mechanical

characteristics of the bump foil and relatively insensitive to the air {ilm

characteristics.
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TEST RLIG DESCRIPTION

brive Spindle Asscmbly

An existing MTL owned test rig was upgraded and modificd to meet the specific
requirements of this program. The test rig is shown in Figures IV-l and

1v-2. Figure IV-3 shows the test facility,

The ajir turbine driven high speed spindle was supported on two preloaded |
angular contact ball bearings. Both support bearings were standard class 7

bearings supplied by the Barden Company. The bearing at the test end was a

107H (35 mm bore), and at the drive turbine end a 1050 (25 mm bore). Both

bearings contalned bronze rotainers,

i
01l for lubricating and cooling the support ball bearings was supplied 3
through two oil jets 180° apart at each bearing. The jets were sized to ‘
produce a jet velocity of approximately 20 m/sce (65 {U/sec) at 4.4 x
l()SN/m2 (64 psiy) supply pressure with 2,27 kg/min (5 1b/min) total oil

flows A water cooled heat exchanger in the oil supply loop remcved heat

|
a
1
from the oil, 1
|
I
41
A double labvrinth scal with pressurized alr supplied between the scals i
prevented the oil from traveling down the test shaft into the test bearing pi
(
area. 4
|
o
During the high temperature tests, eight 500 watt quartz heaters were used J
. N . (
to heat the test bearing, A 10 wm (0250 inch) thick Mycalex 500 disk acted
as an insulator between the quartz heater box and support housing., A
water facket in the support housing assisted in removing heat trom the
support ball bearings,
The drive air supply was provided by o three stage contritugal air com-
pressor having the Jollowing maximum output characteristics: {

20
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Pressurc: 6. 89 L0 NLm® (100 -psig)
Flow: 22,60 mj/min (800 scim)
Temperature: 913.3°C  (200°¥F)

A fixed test speed could be accurately maintained utilizing this compressor

because of its constant pressure output characteristics.

Rotor balancing was performed on a conventional low speed two planc
"Dynamic Balancer", Model MU-6,manufactured by Micro-Balancing, lnc.
Each test shaft was first balanced as a detail while supported on teflon

vee-blocks.. The rotor was then completely assembled, installed in the ball

bearing cartridge, and balanced on its own support bearings at 1750 rpm.
Residual unbalance levels were 0.018 gm.cm (0.000250 oz.in.) in each of two

planes. The test rig design allowed for the rotor assembly to be installed

into the support housing without disrupting the assembly after balancing.

™
In addition, the test rig contained provisions to allow MTI Commandrb

multiplane multispeed balancing to be performed if required.

Test Journals

The foil test journal was an integral part of the test shaft and was over-
hung to facilitate access to the test bearing and rotating sensors. Three
test shafts were fabricated for the program: two to be instrumcented with
the rotating sensor system (the rotating sensor system lis discusscd in
Section V) and one for high temperature testing. The test journal surfaces
on the two shafts that were to be instrumented were initially left uncoated
and relatively soft to enable modifications to be made if required during
installation of the rotating sensor system, The journal surface on the
shaft used for pressure measurements was later coated with a thin hard
chromium alloy by the Electrolizing Company. The test journal surface on
the third shaft, which was to be used for the high temperature testing,

was coated with a plasma sprayed chrome carbide coating. A test shaft

with support bearings and drive turbine is shown in Figure IV-4,

Test Bearings

The test bearings, which have been previously discussed in Section 11,

were mounted with a light press fit in a floating bearing housing,
13 p 9
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Loading of thne test bearing was accomplished by applying dead welght through
a knife edge loading parallelogram mounted on the floating bearing housing.
A lead screw, which was threaded into the floating housing, allowed the
axial position of the test bearing to be varied relative to the rotating

sensors installed in the shaft, for obtaining an axial film thickness profile.

Dry filtered cooling air was supplied to the test bearing through three (3)
2,29 mm (.09 inch) diameter holes located at the gap in the smooth foil,
The bearing cooling air line was connected to the floating housing through
a flexible connection to avold introducing a moment load to the bearing.

During the high temperature tests, two (2) PureFlow air heaters were used

to heat the test bearing cooling air,

QUALITY ASSURANCE

All components used in this test program underwent a quality assurance check
to insure conformity with the applicable drawings. Specific items checked
and recorded include: the physical and chemical characteristics of raw
material; heat treatment procedures; and dimensions, tolerances, and
finishes., During assembly of the spindle, particular care was taken to
insure that the static runout of the test journal was at the lowest level

possible., Runout checks and residual unbalance level of each assembly were

recorded.

MEASUREMENTS AND INSTRUMENTATION

The success of this program was dependent upon obtaining high quality test
data utilizing both routine and sophisticated measurement methods. The

film measurement systems are discussed in detail in Section V of this report.

Rotor Speed

Rotational speed was measured by an MII Fotonic SensorTM fibre optic probe
which responds to the once per revolution passing of a dark band painted on

the face of the drive turbine, A Monsanto digital frequency counter

Mudel #103A measured the output of the Fotonic Sensor speed pickup and provided

a continuous digital display of rotor speed.

26




Shaft and Test Bearing Motion

Radial motions were measured using capuacitance type displacement probes. Two
sets of X-Y probes were mounted on the floating bearing housing to measure

test bearing to shaft motion and one set was mounted on the support housing

to monitor shaft to ground motion. Wayne-Kesr DM1OO Distant Meters werc

used as signal conditioners for the capacitance probes. The output of ecach
horizontal-vertical pair of probes was displayed on a cathode-ray oscilloscope.
Tektronix Model 503 Oscilloscopes were used and provided a continuous

orbital motion display at ecach of the three probe locations.

Special high temperature capacitance probes rated to 537°C (1000°F) were
used during the high temperature testing. The sensitivity of both the
standard and high temperature probes were 100 millivolts/.0254 mm {100

millivolts/.001 inch).

Test Bearing Load

Test bearing loading was accomplished by applying calibrated commercial
dead weights to the test bearing floating housing. A knife edge parallelo-~

gram mechanism was used to minimize introducing a moment into the bearing.

Test Temperatures

Temperaturces were measured by using thermocouples mounted at the following

locations,
e Two on Test Bearing Bump Foil (sec Figure 111-2)
e *Ambient Chamber
e *Floating Heusing
e Cooling Alr at Bearing Inlet
e Cooling Air at Flow Meter

e Support Bearing il Inlet and Outlet

The two thermocouples located on the test bearing were Type Jy Tron=Constantan,
Oie ol these cherwocouples was displayed onan X=Y plotter, Houston Omni-
plotter Model 2000, against a time base, and the second used o Tochnique

Associates ifodel 93 Potentiometer as the readout device.  The remaining

o B a e R e aa s e e s e a

% During testing at 315°C (600°F) only.
27
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thermocouples were Tyne K, Chromel=Alumel,and were recorded on a Honeywell

multipoint chart recorder,

Test Bearing Coollng Alr

A standard Fisher-Porter {lowmeter was used to measure tie total cooling
air flow entering the test bearing. The flowmeter is callibrated by the
manufacturer at 1 atmosphere (14.7 psia) and 20°C (68°F). A corrcection
factor is applied to the reading based on the actual alr pressure and

temperature at the flowmeter.

Bearing Frictional Power Loss

The mechanical arrangement selected for the frictional torque measurement
and dcad weight loading of the bearing is shown {n Figure LV-1l. The
floating housing is restrained from rotation by two flexures in the vertical
plane through the bearing centerliune, Bearing friction torque which causes
deflection of the [lexures is measured with two capacitance probes and read
with a digital voltueter., Two flexures at positions 180° apart were used to
reduce the effect of lateral (horizontal) motion of the floating bearing
housing on the torque measurement. The range of the displacement probes

used in the torque sensing system was 0,254 mm (0.010 inch).

Data Acquisition Equipment Calibration

All cquipment used for the acquisition of test data was calibrated at the
start of the test program. The equipment is periodically-checked to
insure its accuracy, stability, and repeatability at intervals recommended
Ly the cquipment's manufecturcer. The following is a discussion cf the

calibration procedures usced:

e Film Thickness and Pressure Sensors - The calibration procedures

used for these special sensors is discussed in Section V.

e _Capacitance Displacement Probes - All standard and high temperature
capacitance probes were calibrated in a standard micrometer test
stand, Total accuracy of the probe and capacitance meter system

is rated at 0,0025%% mm (3.0001 inch).

e Boearing Torque -~ The capacitance probes used in the torque measuring

i

system were first valibrated using the method just described then

28
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installed in the test rig. Bach flexure was ealibrated individually
by attaching a Tight steel wire to the flexure in the loading area,
The wire was then guided horizontally to and over a pulley on baijl
bearings to where the wire eould be dropped vertically. Weights
were then hung from the wire and the probe output recorded. A
calibration curve for cach flexure wos generated,  This calibration

was valid only for the room temperature Lests,

Cooling Air Flow - The calibration supplied by the manufacturer of

the flow meter was used, The correction curves used for correcting
air flow based on actual air temperature and pressure at the flow

meter were also supplied by the manufacturcr.

Capacitance Meters - The Wayne-Kerr capacitance meters are checked

at 6 month intervals with a standard capacitor, referenced to the

National Bureau of Standards, for linearity and sensitivity.

Oscilloscopes - Oscilloscopes are checked at 6 month intervals for

voltage and time base accuracy. Accuracy of voltage was + 2% of

range and time base + 3% of range.

Voltage Calibration - A voltmeter referenced to the National Bureau

of Standards is maintained for the purpose of calibration of
meters and oscilloscopes. Accuracy of voltmeters used in the test

program was * 0.05% of range + 1 digit.

Thermocouple Readout -~ Potentiometers are calibrated using a

referenced millivolt meter and are then used to calibrate the multi-
point chart recorders, Accuracy of the potentiometers used was

+ 0.2% of range and the chart recorder was + 2,2°C (4°F).
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V. FILM MEASUREMENT TECHNLQUE

s ———

A number of scnsor measurement systems® were considered for use in obtaining
direct film measurements in the compliant suirface bearing and are discussed
later in this section, The capacitance system which was selected utilized a
unique adaptation of the standard proximity probe modified to be conveniently
mounted in a rotating journal and a brush and slip ring assembly for obtaining
the electrical signal from the rotating shaft, The film thickness sensor
consisted of a4 3.25 mm (0,128 inch) diameter probe that continuously measurcd

the distance between the probe tip and the smooth foil of the test bearing.

The pressure sensor consisted of a diaphragm supported by a flanged tube which
covered a 2,083 mm (0,082 inch) diameter probe., This sensor continuously
measured the distance between the probe tip and the diaphragm, sensing diaphragm
deflections caused by pressure variations in the film. The probes are shown

in Figure V-1,

Two shafts were instrumented each containing <wo similar type probes. The
sensors were designed to be mechanically stable at 60,000 RPM at which pyint

the center electrode was subjected to approximately 60,000 "g's", and to operate
in a temperature range of 26% - 55% (75°F to 130°F). Figure V-2 shows the

rotating sensor system and slip ring assembly,

SELECTION OF ROTATING CAPACITANCE SYSTEM

Two locations for the placement of the sensors were considered; a rotating sensor

in the journal or an embedded stationary sensor in the foil bearing assembly.

The rotating sensor arrangement was selected for the following reasons:

e Obtains a complete film trace around the bearing.
e Does not affect the local stiffness, damping, or mass characteristics

of the foil,

e Une sensor can scan several axial positlons by moving the bearing axially

alounyg the joeurnal,

* In this report, "sensor' refers to the entire rotating system and "probe"
refers to the actual capacitance proximity probe which is only a part of the
rotating system,
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Three types of sensor systems were examined for use (n this application,

e Wayne-Kerr capacitance proximity system.
e Fotonic sensor fiber optic proximity svstom

e Inductive sersor with fer.ite core

A comparative study of the characteristics of each type of system and con-
sideration of methods for obtaining the signal from the rotating shaft led
to the selection of a capacitance proximity system with a metal-Ziber

brush slip ring., Reasons for this selection included:

e Capacitance systems meet the accuracy requirements with the lowest
overall noise to signal ratio.

e Capacitance svstems have the best resolution.

e The foil surface condition will have the minimum influence on the
accuracy of the clearance measurements,

e The capacitance system assembly can be designed to prevent mechanical

""g'' operating environment.

shifting of the probe in the high
e A capacitance system is the least difficult to calibrate from a
linearity stand point,
e The same type of probe can be used for both film thickness and
pressure measurements,

e The fundemental slip ring design and manufacturing problems have been

solved in similiar commercial applications.,

The selection of the capacitance sensor and the metal-fiber brush slip ring
proved to be an excellent choice since the film thickness measurement system
was proven during the testing phase of this program to be accurate, reliable,

and extremely durable,

Appendices A and B contain a detailed discussion of the procedures used to

fabricate the rotating sensor system and the brush and slip ring assembly.

CALIBRATION OF SENSORS

Final calibration of the sensors was performed after installation into the

test shaft, The calibration was repeated while the test shaft was installed




in the test rig and after the test shaft had been rotated to full speed,

During the final calibration, the clectrical signal from the sensors was

obtained through the brush and slip ring assembly.

The Wayne~Kerr,

electrical leads, oscilloscope, and digital voltmeter used for the final

calibration were the same components used during data acquisition,

Suf-

ficient calibration trials were performed on each sensor to assure repeat-

ability., In addition, periodically throughout the test program calibration

checks were performed on the sensors
p L]

A target, machined to conform to the test shaft radius, was mcunted to a

micrometer head, which had been installed in a modified vee-block,

The

micrometer used was graduated in 0,00254 mm (0.0001 iach) increments. The

test shaft was then clamped in the vee-block with the target over a probe.

The micrometer was moved in increments of 0.0127 mm (0.0005 inch) and the

output voltage from the sensor recorded.

curve for the film tnickness sensors used.

Figure V-3 shows the calibration

Both sensors were highly liuear

over the intended range and showed no change throughout the test program.

The overall error inthe system is estimated to be at a maximum

With the 0.0127 mm (0.005 inch) range probe used this error equates to

+50

(_25 prin.) and consists of the following:

e Noise level of Wayne-Kerr DM~-100;

t1lmvor +0.127 u'm (+5 urin.).

¢ Error in dc voltage peak detector;

+5
o™

or

+0.635 +25 ,
-0 Wt (_0 pein.).

e Error in voltmeter; + 2 mv or + 0.253 . -m

(_‘_F 10 p,‘in.).

0 millivolts.

+1.27 om
-0.635 "

® Error in basic gap calibration: + 2 mv or + 0.254 p.m (+ 10 y-in.).

Since each probe was rccessed approximately 0.038 mm (0.0015 inch) below the

journal surface, a zero correction voltage had to be obtained to compensate

for the recess,

The corrvcection voltage was obtained by two similar
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methnds, The shaft was locked from rotation in the test rig with one probe
located at top dead center, The rigid surface journal bearing, which was

0. 0426 mm (0.00168 in.) larger in diameter than the test journal, wa<~ installed
on the test journal., A downward load.was applied to the rigid surface

bearing through the parallclogram loading mechanism and the output voltage from
the sensor recorded., A point was reached after a relatively light load had
been applied to the bearing after which ar increasing load would not change

the output voltage from the sensor. The procedure was repeated for the second
seusor, The minimum output voltage recocded for each sensor represented the
recess of the probe and was used as the zero correction voitage for film thick- {

ness tests conducted with the rigid surface journal bearing.

The second method used was for obtaining the zero correction voltage for test- \
ing with the compliant surface journal bearing. The shaft was again locked
from rocation in the test rig with one probe at top dead center. An inconel 1

smooth foil and bump foil identical to the ones used in the compliant journal

JESPUSRE—

bearing were placed on the test journal over the probe, A rubber pad and
another smooth foil from which a hanger was attached was then placed over the
journal to give the arrangement shown in Figure V-4, Weight was added to the
hanger and the output voltage from the sensor recorded. Again a point was

reached after which an increasing load would not change the output voltage.

[ .

The procedure was repeated for the second sensor. The minimum output voltage

recorded for each sensor was used as the zero correction voltage for testing
with the compliant surface bearing. -

The difference in the zero cowrection voltage obtained by the two methods was

approximately 3,5% of full scale (F.S.= ,127mm).

—— . -

{
FILM MEASUREMENT DATA ACQUISITION

The electrical signals from the rotating sensors were conditioned by Wayne-

Kerr DM-100 displacement meters which have a frequency response of 10 Ke/s.

Fach moter was connected to two readout devices:  a dual beam Tektronics
Oscilloscope and a digital de voltmeter, The signal to the d¢ meter was first

conditioned by a d¢ voltage peak detector.

P
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The oscilloscope was used to obtain the complete film profile around the

test bearing., Prior to the start of each test, the dc trace from each sensor
was positioned on the oscilloscope to correspond with the bottom horizontal
grid line, Sufficient load was applied to the test bearing while the trace
was being positioned to ensure contact between the bearing and the shaft

over the probe, The bottom grid line then represented zero film and dis-
placement of the dc level above the bottom grid represented the film thick-
ness in the bearing. A detailed explanation of a typical film thickness

trace is contained in Section VII,

In addition to the minimum film thickness being obtained from the oscillo-
scope trace, it was also obtained utilizing a dc voltage peak detector and
digital voltmeter. The same signal that went to the oscilloscope was also
fed to the peak detector, This peak detector, which was fabricated for the
program, detected the minimum dc voltage level in the signal and displayed
the dc level on a digital voltmeter, This dc voltage level represented the
minimum distance from the probe tip to the bearing surface. The zero cor-
rection voltage, obtained during the sensor calibration described previously,
was then subtracted from the meter reading and the resulting dc voltage level

represented the minimum film thickness.
This method provided a quick and extremely accurate method of obtaining the

minimum film thickness, and complemented the oscilloscope trace which pro-
vided the actual film profile around the complete foil bearing.
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VI, TEST PROGRAM

The test program was designed to obtain precise experimental data of the
hydrodynamic film characteristics of a compliant surface journal bearing
and to evaluate bearing performance at high bearing temperatures. Specific

test objectives included:
e Film thickness measurements
e Pressure profile measurements
e Bearing cooling air requirements at 315°%C (600°F)

e Effects of 315°C (GOOOF) ambient and bearing temperatures on

bearing performance.

Two bearing L/D ratios were tested to allow comparative data to be obtained

for use in determining effects of L/D ratio on bearing performance (end leakage
effects). Since the existing analyses are based on infinite length theory, it
would have been desirable to test a bearing with an L/D of 2 or 3 which would
closely approximate infinite length behavior and then use the data to directly
validate the theory and correct it if necessary. However, a bearing of this
configuration would be speed and load limited with the overhung journal
arrangement, A compromise was accepted at the start of the program in favor

of a high speed high load test rig using test bearings with L/D ratios of 1

and 1/2,

FILM THICKNESS TESTS

During the first series of tests, the rotor assembly was built utilizing the
test shaft containing the film thickness sensors. Divect film thickness
measurement tests were first conducted with a plain sleeve rigid surface air
bearing. Use of the rigid surface bearing allowed a direct comparison be-
tween experimental data and existing analytical work, Since the analysis for
a simple rigid surface gas bearing under the conditions of interest can be
considered very reliable, close agreement between theory and test data at
this point provided a check-out of the overall film thickness measuring

apparatus, Testing with the rigid surface bearing was performed at three

(3) speeds and varying loads. Only one bearing clearance was tested.




The 38.1 mm (1,5 inch) diameter Hydresil compliant surface bearing described
in Section III was then installed in the test rig and operated at the test
conditions listed below:

Test Bearing Test Speed Test Load
Configuration RPM N _
L/D =1 30,000 8N to maximum load
C = 0,057 mm 45,000
(C = 0.00225 1in) 60,000
L/D =1 30,000 8N to maximum load
C= 0,0318 mm 45,000
(C = 0,00125 in) 55,000
L/D = 1/2 30,000 8N to maximum load
C = 0,057 1an 45,000
(C = 0.00225 1) 55,000
L/b = 1/2 30,000 8N to maximum load
C = 0,0318 mm 45,000
(C = 0.00125 iny 55,000

Initially, a bearing with an L/D = 1 was tested. The bearing clearance

was held constant while the rotational speed and load were independently
varied. Film thickness test data as a function of load was obtained at
primarily three (3) speeds: 30,000 RPM; 45,000 RPM; and 60,000 RPM, The
clearance in the bearing was changed by the insertion of a shin into the
test bearing and the testing repeated. The test bearing was then replaced
with another 38,1 mm (1.5 inch) diameter Hydresil beacing with an L/D = 1/2.

The entire test sequence was repeated,

FILM PRESSURE TESTS

Following completion of the film thickness measurement tests, the rotor was
disassembled and rebuilt utilizing the test shaft containing the film
pressure sensors., It was anticipated that the same sequence of tests con~
ducted for the film thickness measurements would be repeated for the film

pressure measurements, However, during initial testing with the rigid surface

bearing there were significant differences between the predicted analytical




pressures and the pressures being obtained using the rotating pressure sensors.
The maximum test pressure from the pressure sensors was below the unit loading
of the bearing. A static pressure probe, 0,33 mm (0.013 inch) in diameter,

was installed in the rigid bearing under the load to obtain pressure data at
one location for comparison with the data being obtained from the rotating
sensors., Pressure data obtained from the static probe =—onfirmed that the
rotating sensors were not functioning properly and were providing pressure

data below the actual values,

The pressure value discrepaticy was determined to be caused by the dead air
volume created by the recess of the sensor in the shaft. Although the
recess of the sensor is only 0.0381 mm (00,0015 inch) below the shaft surface,
it is large compared to the film thickness., The air from the hydrodynamic
film over the sensor must expand to fill the recess, resulting in a local

low pressure area which the pressure sensor measured.

Several attempts to fill the recess were tried, but no solution was found
that would allow meaningful data to be obtained. An alternate sensor system
considered was a solid non-deflecting sensor, such as a quartz crystal
mounted flush with the journal surface. However, because of program limit-

ations this concept was not tested,

HIGH TEMPERATURE TESTS

The final series of tests were conducted at elevated ambient and bearing
temperatures using a solid non-instrumented shaft with a hard chrome
carbide journal surface, Testing was conducted on the 38.1 mm (1.5 inch)
diameter Hydresil bearing with an L/D = 1 and a bearing clearance of

0.0318 mm (0,00125 inch), During these tests the ambient and bearing
temperatures were maintained constant at 315°% (600°F) throughout each test.
Cooling air at 205°¢ (AOOOF) was supplied to the test bearing. Test speed
and load were varied independently and the quantity of cooling air required
to maintain the constant 315°C (600°F) bearing temperature was determined.
1t was also the objective of this serles of tests to determine the cffect of
possible thermal distortions, which may occur at the elevated ambient and

bearing temperatures, on bearing load performance.

Results of the test program are given in Section VII.

+«y. .




VL. IEST _RESULTS AND DLSCUSSION

FILM THICKNESS MEASUREMENT TESTING

BASELINE RIGID SURFACE PLAIN SLEEVE BEARING TEST RESULTS

Film thickness measurement tests were first performed on the rigid
surface plain sleeve bearing for two purposes., It first allowed a
preliminary check to be performed on the rotating sensors and slip ring
assembly at relatively low speeds which was not possible withh the com-
pliant surface bearing because of the higher lift-off speed. [t also
served as a functional check of the instrumentation system using the

analytical work of A. A, Raimondi as a baseline for comparison of the test
data.

Initially, testing was conducted to establish the stability regime of the
rigid test bearing. As anticipated, the bearing was unstable at speeds

above 15,000 rpm and at very light loads at 14,000 rpm.

Testing was conducted at three speeds and.-a—comparison between the predicted
and test values of the minimum film thickness is presented in Figure VII-1
in non-dimensional form, The largest deviation of the test data {rom the
analytically predicted values was -17 percent which occurs at the lightest
load tested. The deviation for the remaining seventeen (l7) test points
was less than 10 percent of the predicted values, and the average deviation
for the eighteen (18) test points was 6.8 percent. The correlation of
test and analytical data improved with increasing speed and loads. During
testing it became obvious that the load could not be applied exactly
through the axial centerline of the bearing. This resulted inslight axial
cocking of the bearing with respect to the test shaft causing the minimum

film thickness measurements between the two probes to vary.

Figure VII~2 shows the location of the measurement sensors with respect
to the test bearing and an explanation of a typical oscilloscope trace.
The attitude angle reference mark was generated by using a Fotonic

Sensor fibre optic probe to cause the oscilloscope trace to become saturated
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PRE N

preclsely when the Inboard probe was directly under the load, in this
case, top dead center, By scaling from where the reference mark [irst
starts, to where the minimum £ilm thickness occeurs, the attitude angle of

the bearing can be determined,

The oscilloscope traces in Figure V1I-3 show the effect of speed on
minimum film thickness and bearing attitude angle at a constant load. The
ainimum £ilm thickness value listed with each trace is obtained utilizing

the dc voltage peak detector,

The ac amplitude of the film profile traces should ideally be identical

for both sensor locations at a given test condition, The film thickness
profiles shown in Figure VII-3 exhibit a distinct difference in the ac
amplitud= at each of the two senscr locations for a given test condition,
The difference was determined to be caused by cocking of the bearing, which
was previously discussed, and a slight taper in the test journal. The
journal was lapoed to remove the taper prior tu the start of testing with

the compliant suriace bearing.,

Figure VII-4 shows the film thickness profile obtained from an oscilloscope

trace plotted on an expended scale, TFigure VII-5 plots the same data on

polar coordinate grapbh paper and shows the bearing attitude anglce and bearing

eccentricity,

COMPLIANT SURKFACE JOURNAL BLEARING TESTS

Testing conducted with the compliant surface journal bearing utilizing the

film thickness sensors provided a unique method of examining the effect of

various operating conditions and bearing design characteristics on the cverall
fluid film. By independently varying test speed, bearing load, bearing clear-

ance, and L/D ratio, the effect on the minimum film thickness value and profile

was directly observed, Selected test data is presented in this section in

tabulated torm and as a series of film thickness oscilloscope traces.,

To better understand the test data, a detailed deseription of a typical
osciiloscope trace fs given, Figure VUI-6 shows the location of the film

medsuremenit sensors with respect to the test bearing and a schematic of the
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instrumentation used in obtaining the film thickness data. All of the
oscilloscope traces shown, unless otherwise stated, represent the film
thickness profile at the bearing centerline, The minimum film thickness
value listed with each trace is the value obtained using the dc voltage

peak detector also at the bearing centerline.

Figure VII-7 is a typical film thickness oscilloscope trace for the compliant
surface journal bearing. The bottom horizontal grid line represents zero
film thickness. Each vertical division above the bottom grid line equals
12,7 u.in (500 fi~in.) of film thickness, The minimum film thickness for the
trace shown is 4,83 p-m (190 ¢-in,). The horizontal scale or time base was
varied for each test speed, 1In the trace shown, one shaft revolution
requires 4.6 divisions, so each horizontal division is equal to approximately

80°of shaft rotation,

The gap in the smooth foil of the test bearing was used to reference the trace
to the bearing. When the sensor passes over the gap in the smooth foil, the
distance from the probe tip to the target is much greater than the probe range
causing the probe to become saturated. As a result of this, the trace is
driven off the oscilloscope screen., During all testing, the gap was located
180° from the point at which the load was being applied. In the trace shown,

, . . . , o .
the maximum load is distributed over approximately 80  of the bearing.

The internal bearing clearances used in the test program were selected based

on test experience obtained during development work on the Cas Generator
Simulator for the Chrysler/ERDA Upgraded Gas Turbine Engine. The Hydresil
bearings that are currently being tested by Chrysler in the Gas Turbine Engine
are being supplied with a radial clearance of 0.031 -~ 0.038 mm (0.00125 -

0.0015 inch). The two clearances tested in this program are considered to be
approximately the tolerance extremes for a 38,1 mm (1.5 inch) diameter Hydresil
bearing operating at the temperature and speed requirements of an automotive gas

turbine engine,
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Test Results of Compliant Bearing Tests

Tabulated test data for selected tests is presented in Tables V1I-1
through V1I-7. The complete film thickness test results are represented
in the plots of Figures VIiI-8 through VI1-11, These graphs show in
dimensional form the minimum film thickness at various loads for the

different test speeds, L/D ratios, and bearing clearances tested,

Examination of the tabulated data shows significant differences between
the minimum film thickness values measured at the bearing centerline by
the inboard probe and the value obtained from the outboard probe located

6.35 mm (0.250 inch) from the bearing edge.

The primary factor contributing to the difference in film thickness is

the end leakage effecet in the bearing causing an axial pressure gradient

to occur, with the maximum pressure developed al the bearing midplane. !
Because the bearing is compliant, the foils deform unevenly with the
Pargest detlection occurring in the arca where the greatest Dressure is
developed, thereby causing an axial variation in Uilm thickness. Axial

Film profiles are shown later in this secticn.

A second foctor contributing to the variation in 1ilm thickness io axial -

cocking of the bearing sleeve due to the load not buing applivd cuactly

through the bearing centerline.  This effect, first noticed during testing |
with the rigid surtace bearing, is considered small when compaired (o the i
ctfect of the axial pressure gradieet, p
{

{

The minimum filn thickness value obtained at the beaiing centerline was

used to plot the graphs of Figures VI-8 through VII-1t. 1This value was
usvd as it is located in the region where the mesiaum pressure (s genera- f
ted and theretore sapports most of  the bearing load.  In additCien, any |
eliect due to cocking is not a tactur.

thie oscillescope traces obtalned as o result of these tests are presented

in the discussion portion ot this section,




TABLE V1) - 1
COMPI, LAl LLARIKG DATA L'RUM ‘(Lo # 101

2 3
L/D = 1; Lxi=14,6 cm” (2.25 in”) Test
bearing Clearance = 0,057 n Test
(0.090225 in)

Speed

30,000 RPM
Temperaturce:

Room Ambicnt

Dynamic Minimum Film Thickness
Bearing Load Bearing Temp. Shaft Orbit Inboard Nutboard
N Pounds CC OF mm inch L=m .=in =M u=in
15.9 4,25 322 90 <0.005 <0.0002 9.65 380 13.34 525
al.1 9.25 33.3 92 <0.005 +<0.0002 7.62 300 10.29 405
63.4 14.25 35.0 95 <0.005 -0.0002 7.11 280 7.49 195
72.3 16.25 36.1 97 0,005 +:0.0002 6.86 270 5.72 225
8l.2 18.25 36.7 98 =0.005 <0,0002 6.35 250 5.08 200
90.1 20.25 37.3 100 <0.005 -20.0002 5.08 200 4.33 190
99.0 22.25 38.3 101 .:0.005 ~0.0002 5.08 200 4.70 185
107.8 24,25 37.8 100 <0.005 -:0,0002 4.82 190 4,45 175
72.3 16.25 36.1 97 ..0.005 -0.0002 6.60 260 5.72 225
41.1 9.25 35.0 95 <0.005 <0.0002 7.62 300 17.40 460
4.4 1 33.3 92 20,005 -:0.0002 11.68 40L0O 18.54 730




TABLE VI - 2
COMPLLANT BLARING DATA FROM TEST # 102

2 2
L/D=1; LxD=14.6 cm (2.25 in) Test Speed: 45,000 RPM
Bearing Clcarance = 0,057 mm Test Temperature: Room Ambicnt
(0.00225 in)

Dynamic Minimum Film Thickness
Bearing Load Bearing Temp, Shaft Orbit Inboard Qutboard
N Pounds 0C OF mm inch L=m .~in S =m p~in
4.4 1 37.8 100 0.005 0.0002 22.10 870 26.42 1040
18.9  4.25 41.7 107 0.005 0.0002 19.56 770 18.92 745
4L.1 9.25 43.3 110 0.005 0.0002 16,26 640 13.07 550
54.0 12.13 % A 0.005 0.0002 :5.11 595 11.05 435
76.2  17.13 0.005 0.0002 13.34 525 8.76 345
98.4  22.13 0.005 0.0002 12.19 480 7.24 285
111.8 25.13 0.005 0.0002 11.56 455 6.60 260
125.1  28.13 0.005 0.0002 11.18 440 6.35 250
142.3 32,0 0.005 0.00C2 10.03 395 5.84 230
155.7  35.0 0.005  0.0002 9.53 375 5.46 215
169.0  38.0 0.005  0.0002 8.64 340 5.46 215
182.4  41.0 54.4 130 0.005  0.0002 5.38 3.0 5.33 210
194.0  43.62 57.8 136 0.005  0.0002 $.00 315 5.33 210
203.8 45,32 58.3 .37 0.005  0.0002 6.86 270 4,9% 195
142,3  32.0 47.8 118 0.005  0.0002 8.89 350 5.08 200
76.2 17,13 44,4 12 0.005 0.0002 12,19 430 8.64 340
18.9  4.25 40.6 105 0.005 0.0002 18.30 740 19.43 765
b.b L 40.0 104 0.005 0.0002 21.59 850 22.35 380

*=temperature readout cquipment was not functioning properly
at these points
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L/D=1; LxD
Bearing Clearance

TABLE VII - 3

COMPLIANT BEARING DATA FROM TEST # 103

(0.00225 in)

2 2
14,6 ecm (2,25 in )
0.057 mm

Test Speced: 60,000 RPM

Test Temperature:

Room Ambient

Dynamic Minimum Film Thickness

Bearing Load Bearing Temp. Shaft Orbit Inboard Outboard
N Pounds 0C OF mm inch em -in =M p=in
18.9 4,25 43.3 110 0.013  0.0007 29.46 1160 21.84 860
41.1 9.25 46.1 115 0.018 0.0007  23.37 920 13.34 525
67.2 15.10 49.4 121 0.018  0.0007 20,19 795 10.92 430
93.2 20.95 53.9 129 0.018 0.0007 13.84 545 7.24 285
123.7 27.8 57.8 136 0.018 0.0007 12,07 475 5.84 230
145.9 32.8 60.0 140 0.018 0.,0007 10.80 425 5.33 210
159.2 35.8 61.1 142 0.018 0.0007 9.27 365 5.08 200
174.3 39.2 63.3 146 0.C18 0.0007 7.87 310 4,45 175




L/D

TABLE VII -4

COMPLIANT BEARING DATA FROM TEST # 106

1; LxD
Bearing Clecarance

2 2
l4.6 ecm  (2.25 in )
0.0318 nm
(0.00125 in)

Test Speed: 30,000 RPM
Test Temperature: Room Ambient

Dynamic Minimum Film Thickness
Bearing Load Bearing Temp. Shaft Orbit Inboard Outboard
N Pounds 0C OF mm inch L=Mm p~in =M L=in
4.4 1.0 28.9 84 <0.005 <0.0002 13.97 550 18.42 725
18.9 4.25 30.6 &7 <0.005 <0.0002 13.21 520 15.88 625
41.4 9.25 31.1 88 <0.005 <&.0002  {2.45 490 13.72 540
63.4 14.25 33.3 92 ~0.005 --0.0002 9.27 365 7.24 285
76.7 17.25 32.8 91 <0.005 <{.0002 8.26 325 6.10 240
90.1 20.25 33.9 93 <0.005 <0.0002 7.75 305 5.72 225
103.4 23.25 35.0 95 <0.005 -70.0002 6.73 265 5.33 210
116.8 26.25 35.6 96 <0.005 <0.0002 6.35 250 5.46 215
130.1 29.25 35.0 95 <0.005 0.0002 6.10 240 5.21 205
143.5 32.25 36.7 98 <0.005 <0.0002 5.59 220 5.08 200
115.8 26.25 35.6 96 20.005 <0.06002 6.50 260 5.33 210
76.7 17.25 35.0 95 <0.005 <0.0002 8.38 330 5.21 205
41.1 9.25 34.4 94 <0.005 «2.,0002 12.57 495 10.80 425
18.9 4.25 33.3 92 <0.005 <0.0002 12.83 505 15.75 620
b.h 1.0 32.8 9§ <0,005 0.0002 13.84 545 18.92 745
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TABLE VIL - 5
COMPLIANT BEARLNG DATA FROM TEST # 107
L/D=1; LxD= 14.€ cn.z ( 2.25 i.nz) Test Speed: 45,000 RPM
Bearing Clecarance = 0.0318 mm Test Temperature: Room Ambient '
(0.00125 in)
Dynamic Minimum Film Thickness
Bearing Load Begrin% Temp. Shaft Crbit Inboard Qutboard

N Pounds C 3 m inch Yem - in =M u=1in
4.4 1.0 37.8 100 0.005 0.0002 19.5¢ 770 13.54 730 |

18.9 4.25 40.6 105 0.005 0.0002 15.49 610 16.00 630

41.4 9.25 43.3 110 0.005 0.0002 13.59 535 12.19 480

66.0 14.85 45,0 113 0.005 0.0002 11.56 455 9.02 355

86.5 19.45 47.2 117 0.005 0.0002 10.41 410 7.11 280

108.8 24.45 48.3 119 0.005 0.0002 9.27 365 6.35 250
122.1 27.45 48.9 120 0.005 0.0002 8.64 340 6.10 240 i
135.4 30.45 50.6 123 0.005 0.0002 8.13 320 5.97 235 !

148.8 33.45 51.7 125 0.005 0.0002 7.37 290 5.33 210
163.0 36,65 53.3 128 0.005 0.0002 6.22 240 4.06 160 f
178.2 40.05 53.3 128 0.008 0.0003 5.21 205 4.06 160 1
191.5 43.05 56.7 134 0.008 0.0003  4.45 175 3.81 150 !
200.4 45.05 56.7 134 0.008 0.0003 4.32 170 3.81 150 n
| 178.2 40.05 54.4 130 0.008 0.0003 5,72 225 3.94 155 ‘
| 148.8 33.45 53.9 129 0.005 0.0002 8.00 315 5.46 215 :
108.8 24.45 52.2 126 0.005 0.0002 9.65 380 6.35 250 “

86.5 19.45 50 122 0.005 0.0002 10.54 415 7.11 280

52,7 11.85 50 122 0.005 0.0002 12,07 475 10.41 410

18.9 4.25 47.2 117 0.005 0.0002 15.62 615 15.88 625

4,4 1.0 46.1 115 0.005 0.,0002 17.02 670 18.92 745
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TABLE Vil - 6
COMPLIANT BEARING DATA FROM TESY # 108
2 , 2
L/D =1; Lx b= 14,6 cm (2.25 in ) Test Speed: 55,5000 R
Bearing Clearance = 0.0318 Test Temperature: oom Ambicnt
(0.00125 in)
Dynamic Minimum Film Thickness
Bearing Load Bearing Temp., Shaft Orbit Inboard Outhoard
N Pounds C 13 1rm inch LL=m L =in L= =in

18.9 4,25 44 .4 112 0.008 0.0003 20.96 825 10.67 425
57.2  12.85 47.8 118 0.010 0.0004  16.38 645 §.13 340 ‘

79.4 17.85 —20.0 122 0.010 - 0.0004 14,76 660 7.49 295

106.9 24.05 51.7 125 0.013  0.0005 13.97 550 6.22 245

129.2 29.05 54.4 130 0.013 0.0005 12.83 505 5.46 215

142.5 32.05 55.6 132 0.013  0.0005 10.67 420 4.19 165
155.9 35.05 56.1 133 0.013 0.0005 10.03 395 5.59 220 i

169.3 38.05 56.7 134 0.013 0.0005 9.78 1385 4,95 195

185.2 41.65 62.2 144 0.013 0.0005 8.76 345 4,70 185
198.6  44.65 63.3 146 0.013  2.0005  8.13 320 4.32 170 ‘7
a
{
d
1
{




TABLE V1 ~ 7 !
COMPLIANT BEARING oATA FROM TusT # 112

2 2
L/D=% LxD=7.25cm (1.125 in") Test Speed: 45,000 RPM
Bearing Clearance = 00,0318 mm Test Temperature: Room Ambient ‘
(0.00125 in)

. Bearing Bearing Dynamic Minimum Film Thickness
Load o Tempé Shaft Orbit Outboard Center Inboard

N pounds C F mm inch = w=in  u-m p=in -m .~in i

4.4 1.0 41.7 107 0.008 0.0003 6.99 275 10.92 430 5.84 230

18.9 4.25 45.6 114 0.008 0.0003 5.97 235 8.26 325 5.08 200

28.7 6.45 46.1 115 0.008 0.0003 5.33 210 .48 255 4.83 190
F 37.6 8.45 47.2 117 0.008 0.0003 5.08 200 .98 235  4.45 175

46.5 10.45 48.9 120 0.008 (©.0003 4.32 170 5,21 205 4.06 160 1
' 55.4 12.45 50.0 122 0.008 0.0003 3.94 155 5.33 210 3.81 159

64.2 14,45 52,2 126 0.008 0.0003 3.56 140 5.08 200 3.43 135

|
r
|
:
%
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Discussion of Compliant Bearing Test Results

Testing was to be conducted at three speeds: 30,000 rpm; 45,000 rpm; and
60,000 rpm. Although testing was conducted at 60,000 rpm, and data ob-
tained at this speed, the majority of the high speed test data was obtained
at 55,000 rpm. The dynamic shaft orbit diameter increased from 0.0076 mm
(0.0003 inch) to 0.0178 mm (0.0007 inch) when the shaft speed was increascd
from 55,000 rpm to 60,000 rpm. This increase in dynamic shalt mot ion was
cnough to cause some small motion of the bearing cartridge and housing
which resulted in multiple traces of the film thickness profile on the os-
cilloscope. This motion, althcugh very small, did hinder obtaining clear

film profile traces at the 60,000 rpm speed condition.

Utilization of the rotating film thickness sensors provided a unique method
of examining the effect of design and operating pavameters on the film
thickness profile of the Hydresil Compliant Bearing. The film profiles

for the compliant bearing, unlike the symmetrical trace of the rigid sleeve
bearing, ¢ atain many non-uniform characteristics, some of which cannot

yet be completely explained. The following sections contain a discussion
of various film profile traces that have been selected to show the eftfect

of various design and test parameters.

Changes in film profilce due to design parameters

L8

During this test program, two bearing design parameters were varied,

bearing c¢learance and bearing L/D ratio.  Figure VIT-12 shows the effoect

of changing bearing clearance while maintaining all other test conditions
constant. The basic principle that improved conformity between bearing

and journal increases load perfoomance applies to the compliant bearing,

The smaller clearance increases bearing conformity, therefore, load

capacity or film thickness at a given set of test conditions generatiy
increases with decrecasing elearance.  Detailed oxamination ot all film thick-
ness test data shows that targer minimum film thickness values were obtained
with the smaller bearing clearance for all test conditions except one.
Minimus il thickness test data for the L/D = 1 bearing at 45,000 rpa was

slightiv larser tor the test bearing with the Farger bhearing clearance,

No explanation tor this can be given at this time,
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L/D=|

TEST SPEED: 30,000 RPM

TEST LOAD: 6.2 x I04N/m?
(9 PSI)

MINIMUM FILM
THICKNESS: 7.75 1 m
(3054 IN.)

C: 0.0318 mm
(0.00125 IN.)

L/D= | |
TEST SPEED: 30,000 RPM .
TEST LOAD: 6.2 x 10* N/m? 1
(9 PSI) |

MINIMUM FILM. .|
THICKNESS: 5.08 um {
(200 4 IN.) d

4

C: 00572 mm
(0.00225 IN.)




Figure VII-13 shows the effect of two L/D ratios. At the same test :

conditions, the minimum film thickness value for the L/D = 1 bearing is

approximately twice the value for the L/D = 1/2, All the data shows a

substantial reduction in bearing load capacity for the 1/D = 1,2 bearing

compared to the L/D = 1 bearing. This can be attributed to the L/D = 1/2 '
bearing being '"all edge' and end leakage becoming more significant in its

effect on bearing performance.

An axial profile of the minimum film thickness value was obtained for the

L/D = 1 test bearing. The film thickness profile and minimum value was

obtained at 3/175 mm (0,125 in) increments between the bearing centerline ‘
and 1,65 mm (0.065 inch) from the bearing edge, An accurate trace could T
not. be obtained at the bearing edge as the guard electrode and center

electrode of the capacitance probe sensor must both be inside the edge of

the smooth foil, The profile and value obtained from the sensor are at the

centerline of the sensor. Figure VII-14 shows the film thickness profile

at four (4) axial positions and thc axial profile of the minimum film

thickness,

An objective of the film thickness measurement testing was to obtain data

that would assist in improving the load performance capability of the compliant
surface journal bearing. FExamination of the film thickness traces show that a
in the loaded region of the trace, a low amplitude sine wave pattern appears.

As the load is increased, the amplitude of the pattern increases. The cause .
of this pattern is attributed to the smooth foil "dipping" between the con- i
volutions in the bump foil, Figure VI1I~15 shows a schematic of the smooth ;
foil "dipping between the bumps and the period of the sine wave trace corres- :
ponding to the pitch of the bumps, Also included are two oscilloscope traces
which show the "dipping'" and the variation in the amount due to bearing loading.
Shown in Figure VII-16 are two oscilloscope traces obtained at the same test !
conditions; Trace A is at the bearing centerline and Trace B is obtained

6.35 mm (0.25 inch) from the bearing edge. The "dipping' is very prominent

in Trace A, but cannot be distinguished in Trace B. This comparison shows

that pressurce generated by the bearing is substantially different at the

two points, and the bearing load is being predominately carried by a narrow
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TEST SPEED: 45,000 RPM

TEST LOAD: 6.78 x 10% N/m?
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L/D= 172
TEST SPEED: 45,000 RPM

TEST LOAD: 6.54 x 10% N/ m?

(9.5 FSI)

MINIMUM FILM
THICKNESS: 5.2um

(205 IN.)

C: 00318 mm
(0.00125 IN.)
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L/D =1

TEST SPLED: 30,000 RPM

TEST LOAD: 2.826 x 10% N/m?
(4.1 PSI)
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MINIMAL SMOOTH FOIL
DEFLECTION UNDER LOAD
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band in the center of the bearing, The "dipping" of the smooth foil between
the bumps was shown analytically in Reference (2] to be detrimental to
bearing operation in that the more flexible the smooth foil, the smaller the
predicted minimum {ilm thickness, The axial grooves formed by the "dipping"
can b» seen to provide a source of escape for the air which would tend to
diminish the buildup of hydrodynamic pressure. The film thickness profilc
traces reveal that the "dipping'" is significantly more than anticipated in

the design analysis and does affect the load capacity of the bearing,

The amount of smooth foil deflection can be controlled by varying bearing
design parameters such as bump geometry oxr smooth foil thickness., Decreasing
the bump pitch will reduce smooth foil deflection, however, the bearing
stiffness and damping characteristics will also change. Increasing smooth
foil thickness again will r. -luce "dipping', but will decrease bearing con-

formability and compliance.

The program schedule did not allow extensive testing to be conducted to
cxperimentally determine the amount of increased load capacity that could

be obtained by minimizing smooth foil deflection. One test was however

conducted. A bearing was fabrivaied with the bump foil inverted as shown

in Figure VII-17. ‘This allowed the smooth foil to be supported over a

102 mm (0,040 inch) wide flat rather than at a line and of fectively

icereased the ; - ; ; i i
decreased the unsupported span of the smooth foil. During testing with

the conventional Hvdresil, the maximum steady state load capacity obtained

at 40,000 rpmowas 1od x 1ON/m™ (2004 psi).  Further attempts to increasce

the Joad resulted inoa high speed rub. Utilizing the bearing with the

.
. I 5 .
inverted bump toil, a load of L.65 x 10°N/m (24.0 psi) was obtained prior

to a high speed rub occurring,  Also shown in Figure VE1=17 is a typical

oscilloscope trace obtained during testing with the modified bearing.  In

the loaded resion, the trace ghows o minimal awount of smooth foil "dip-
: " N e : .
ping™ and o ibits a different wave form than the conventional bearings,

ihe wave jorn resembles the schematic shown below the oscilloscope trace.
wiile foverting che bump 1oil did  in this case  increase the hearing,
logd capacityy U mav have other oftfects that might be detrimental to

neraed bearing operation, 1t did show  however, tha: minisi zing smooth

toll dippine wennd fevrcane bearing Tead capacity.,
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TEST SPEED:45,000 RPM

TEST LOAD: 1.3x10% N/m?
(18.9 PSI)
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Fig., VII-|7 Hydresil Bearing With Inverrod Bumn Fojl
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Test speed and Joad were varied In the program to determine the offects
on minimum film thickness,  bDuring cach test, the speed was maintained
cons tant and the Joad increased in small increments.  Figures VIL=18 and
VII=19 show the oscilloscope traces obtained at the same speed for three
ditferent load conditions for the L/D = 1 and L/D = 1/2 test bearings.

Increased load decereased the film thickness in all cases.

One of the basic advantages of the compliant bearing is its ability to

deflect under load and conform to the journal., This feature allows the

load to be distributed over o relatively large area giving the compliant bearing
greater load capacity than a rigid sucface bearing.  The oscilloscope

traces shown in Figure VII-18 illustrate the load belng distributed over

a larger arca with increased load. In Trace A the bearing is lightly

loaded and the load support region, which coincides with the minimum film
thickness, is approximately 25° (1 div =« 50°) of the bearing. The bearing

is heavily loaded in Trace C and the load support region has increased

to approximately 85° of the bearing.

An expanded plot of a typical film thickness trace for the compliant sur-
face bearing is shown in Figure V11-20, A comparison of Figure VII-20
with Figure V1I-4, which is a similar plot for the rigid surface plain
sleeve bearing, illustrates the vast difference in the load support

region of the two bearings.

Figure VII-21 is a polar plot of the film thickness profile for the compliant
test bearing., Indicated on the plot at Position(:>is the start of the loose
end of the smooth foil. At Position<:>a "hump" appears. This "hump" is
believed to be causcd by the end of both the bump aud smcoth foils not being
properly formed to the bearing diameter. Forming techniques now used produce a
straight section at the end of the smooth foil which is believed to be the
cause.  Examination of bearings that have been tested, both in this program and
others, show distinct polishing of thé dry film in this area. The region of

. ¢ C e i
minimun film thickness which encompasses 80 of the bearing is shown at Position

C) The approximate location of the last support bump is indicated at Position

!
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TEST SPEED: 30,000 RPM
TEST LOAD: 3.03x10% N/m?
(44 PSI)

MINIMUM FILM
THICKNESS: 13.97 um
(550 u IN.)

C: 0.0318 mm
(0.00125 IN.)

L/D =1

TEST SPEED: 30,000 RPM

TEST LOAD: 8. 04 x 104 N/m?2
(11.67 PSI)

MINIMUM FILM
THICKNESS: 6.35um

(250 w IN.)

C: 0.0318 mm
(0.00125 IN.)

L/D = |

TEST SPEED: 30,000 RPM

TEST LOAD: 986x104N/m
(14.3 PSI)

MINIMUM FILM
THICKNESS: 5.59 4 m

(220 4 IN.)

C: 0.03I18 mm
(0.00125 iN.)
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L/D = 1/2

TEST SPEED: 45,000 RPM
TEST LOAD: 6.13x 103 N/m?2

(.89 PSI)

MINIMUM FILM
THICKNESS: 10.67 um
(420 u IN.)

C: 0.0318 mm
(.00125 IN.)
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L/D=1/2
TEST SPEED: 45,000 RPM

TEST LOAD: 3.82 x 104 N/m?2
(5.56 PSI)

MINIMUM FILM
THICKNESS: 6.99 um

(275 u IN.)

C: 0.0318 mm
(0.00125 IN.)
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L/D=1/2
TEST SPEED: 45,000 RPM
TEST LOAD: 885x104N/m2
(12.84 PSI)
MINIMUM FILM.
THICKNESS: 483 um
(190 u IN.)

C: 0.0318 mm
(0.00125 INCH)
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C) The smooth foil is welded to a spacer block which is 0.23 mm (,009 inch)

smaller in height than the bump foil, The sharp change in the {ilm profile
between Positions (@) and(3) is due to the height difference between the bump

foil and spacer block, The gap in the smooth foil which is cquivalent to one
bump pitch, 130, is located at Position(@) Comparing Figure VII[-21 with

Figure V1I~5 uagain illustrates the vast difference in {ilm profiles of compliant

and rigid surface bearings,

Bearing load capacity or minimum film thickness increases with increasing speed
at a constant load. Figure VII-22 shows the oscilloscope traces for the film
thickness profile obtained for three speeds at a constant load. At almost all

test points, film thickness increased with increased speed. The test points

obtained at high loads at 60,000 rpm with the L/D = 1, C = 0,057 mm (0.00225 inch)

test bearing had approximately the same film thickness values as those obtained

with the same bearing at the 45,000 rpm speed condition. This was believed to be

caused by the increased shaft motion which occured at 60,000 rpm, The increased
shaft movion, which was discussed earlier in this section, was thought to be
adding dynwmic loads to the bearing. In the subsequent testing sequences, the
maximum test speed was 55,000 rpm and, in all cases, the minimum film thickness
value increased with increased speed. Increased rotor speed at constant load
also varies the internal size of the bearing, Figure VII-23 is a polar plot
showing the film thickness profile for the three speeds ai a constant load.

The plots indicate that as speed increases the internal bearing size increases.,

Bearing artitude angle

The test bearing attitude angle was obtained utilizing the oscillascope trace
of the film thickness profile.  Angular orientation of the oscilloscope trace
to the bearing was made by referencing the discontinuity in the trace to the
gap in the smooth foil which was located 180° from the point where the ltoad
was being appliced.  The attitude angle s defined as the angle between che
load Tine and the line between the bearing and journal centers.  Using Lhe
oscilloscope traces the attitude angle wits scated as the angle between the
Toad Tine and the midpoint of the region where the minimum film th fekness
oceurs as shewn i Figure VET=20,0 0 Table VIT=8 s a summary oboattitude angles
obtained.  These attitude anples are considerably less than in r ipid surtace

bearings,
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L/D=1

TEST SPEED: 30,000 RPM

TEST LOAD: 4.34 x |04 N/m?
(6.3 PSI)

MINIMUM FILM
THICKNESS: 9.27 um

(365  IN.)
C: 0.0318 mm

(0.00125 IN.)

L/D=1

TEST SPEED: 45,000 RPM

TEST LOAD: 4.34x 104 N/m?
(6.3 PSI)

MINIMUM FILM

THICKNESS: 1.56 um
(455 pIN.)
C: 0.0318 mm
(0.00i25 IN.)
L/D =1

TEST SPEED:. 55,000 RPM

TEST LOAD: 4.34 x104N/m2
(6.3 PSI)

MINIMUM. FILM
THICKNESS: [6.38 u m
(645 IN.)

C: 0.0318 mm
(0.00125 IN.)
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240°}
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250°| :
110°

|
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L/D= |
C=0.0318 mm
(0.00125 IN.) N\
TEST LOAD:9.24 x104N/m2”

. h_f (13.4 Psl)
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"

290°%
70°

300°
60°
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soa
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40°
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Polar Plot Showing Effect of Speed on Internal

Size ol Compliant Surface Bearing
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L/D=1

TEST SPEED:30,000 RPM

TEST LOAD:303x103N/m2
(.44 PSI)

LOAD IS APPLIED AT O°

t80° 180°
| CYCLE

| CYCLE=4 6Dlv=360°
IDIV =80°

i MIDPOINT OF REGION
OF MINIMUM FILM THICKNESS

NOTE : VERTICAL SCALE

ON THIS TRACE ~— REGION OF MINIMUM
ONLY, IDIV=0.0254mm ' FILM THICKNESS
(0.001lin)

—=— 8a= .3 DIV = 25°
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L/D=1; LxD

Bearing Clearance:

TABLE VLI - 8

TABULATED, DATA FOR BEARING ATTITUDE ANGLE

4.6 em? (2.25 in2)
0.0318 mm
(0.00125 1inch)

Test Speed:

Test Temperature:

As Indicated

Room Ambicnt

Attitnde Angle

25
20
18
15
13
12

22
18
15
14

28
25
22
17
15

degruees

Bearing Load Speed

N pounds rpm
4.4 1.0 30,000
41.1 9.25 30,000
63.4 14,25 30,000
90.1 20.25 30,000
116.8 26.25 30,000
142.3 32.0 30,000
18.9 4,25 45,000
63.4 14.25 45,000
98.3 22.1 45,000
135.4 30.45 45,000
163.0 36.65 45,000
18.9 4,25 55,000
3.4 14,25 55,000
107.0 24.05 55,000
142.3 32.05 55,000
169.0 38.0 55,000
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Influence of bearing accuracy on performance

The nature of the compliant surface bearing does not allow for an accurate
dimensional inspection to be made after the bearing is fabricated. Com-
components which make up the bearing such as bump and smooth foils and bear-
ing cartridge are inspected prior to assembly, but a certain amount of art
is still invoived in the assembly procedure. Because of the small air
film, minor discrepancies in the bearing can have a significant influence
on performance. Normally, the discrepancies would not be noticed unless
maximum bearing performance was sought., However, the rotating sensor sys-

tem allowed bearing discrepancies to be readily noticed.._

Trace A in Figure VII-25-shows the film thickness profile of a bearing
which did not have a typical f£film thickness profile. The bearing operated
normally under light loads and would have been considered a serviceable
bearing had it not been for the film thickness trace. Close inspection

of the bearing after running revealed that the bump foil had not properly
conformed to the bearing cartridge creating a local high spot at Point #1
shown on the trace., The bearing also contained a clearance adjustment
shim which was installed too closc to the spacer block creating another
irregularity in the bearing at Point #2. Trace B in Figure VII-25 shows
the resulting film thickness profile when the loose end of the smecnth

foil is not properly formed. In this bearing, the loose end had a smaller
radius than the bearing and air was drawn in under the smooth foil causing
the very end of the smooth foil to contact the shaft, In another case,

an irregular film profile was obtained which could not be completely

explained as shown in Trace C of Figure VII-25,

The results of these tests indlcate fabrication accuracy may be a potential
problem with the compliant surface bearing for high performance applications
such as the automotive gas turbine. Insights gained through this program,
such as proper conformity of the smooth toil in the inlet region, have

allowed advances to be made in eliminating this problem, It is also felt

that with sufficient tocling, of the type that would be required for volume
production, proper and consistent forming of the foils cen be accomplished and

accurate bearings can be fabricated,
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POINT #2
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L/D =l _
TEST SPEED: 30,000 RPM
TEST LOAD: 2.8 x 104 N/m2
(4.1 PSI)
C: 0.03(8 mm
(0.00125n)

L/D=|
TEST SPEED: 30,000 RPM
TEST LOAD: 1.3 x 104N /m?2
(1.9 PSI)
C:0.03I18mm
(0.00125in)

L/D =]

TEST SPEED:30,000RPM )

TEST LOAD: [.9x104 N/ m?e
(2. 7PSI)

C:0.03I8mm

(0.00125in)
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Foill excitation by cooling air

Shown in Figure VII-206 Is an oscilloscope trace of the film thickness

profile for a lightly loaded test bearing., In this test, a larger than

normal flow of cooling alr was introduced to the bearing. As the air

entered the bearing, it excited the free end of the smooth foil causing

it to vibrate and produce a audible high frequency pitch, Although there

was no noticeable effect on bearing operation, if operation continued under these
conditions, the smooth foil could have eventually failed under high cycle
fatigue. The problem corrected itself when either the load was increased or the

cooling air flow was reduced to the normal level,

.

This test illustrates the importance of properly designing the cooling air

supply system. A discussion of various methods for supplying cooling air to the

bearing is contained later in this section.
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IHIGH TEMPERATURIS TL TS

The final series of tests were conducted at an ambient and bearing
temperature of 315°C (600°F). Thes: tests were conducted Lo measurce
the bearing cooling alr flow requirements and to determine the of fect
of possible thermal distortion on bearing performance,  For the tests,
a s0lid non~instrumented test shaft with a plasma sprayed chrome
carbide coating on the test journal surface was to be utilized. After
inftial testing, the chrome carbide was removed from the tost jouraal
for reasons discussed later in this section, and an uncoated wrought

steel test journal was used,

The testing was conducted as follows: the Lest bearing housing tempera-
ture wes maintained constant throughout the test at 315°C (600°F); the
test bearing cooling air temperature was maintained constant at 205°C
(400°F): and the test bearing temperature, which was measured on the
back of the bump foil, was maintained constant at 315°C (600°F) by
varying the quantily of cooling air supplied to the test bearing. While
maintaining a constant test speed the bearing Joad was increascd.
Temperatures were allowed to stabilize, and adjustments were made to

the cooling air flow to maintain the constant test bearing temperature.
Testing was conducted at three (3) speeds: 30,000 rpm; 39,000 rpm;

and 45,000 rpm.

Temperatures selected were chosen to be representative of temperatures

anticipated in »~ automotive gas turbine engine.

RESULTS FOR ELEVATED TEMPERATURE IS TTNG

Test data tTor sclected clevated temperature tusts are shown in tabulated
form in Tables VIT=9 through VII=11. The complete bearing cooling air
tlow test data is presented in the graph or Fipure V11-27. Figure VII1-23
is a typical trace ot the test bearing temperature, which shows it was
maintained relatively constant throughout the testing. The test points

notoed correspond to the test conditions tabulated in Tables VII=-10 and
Vi-11,

The tinal test conducted at the 3i5°C (600°F) temperaiure was for the
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TABLE V11-9
COMPLIANT BEARING DATA. FROM_TEST #219
2 » - 3 2 " \ .
L/D = 13 LXD = 14.6 em” (2.25 in. ) lest Speed: 30,0000 RPM
Bearing Clearance: 0.0318 mm Test Temperaturce:  315.6°C
(0.00125 in.) (6H0°))
Floating Tust Bearing Cooling
Housing Bearing Cooling Air Flow
Bearing Load Temp. Temp. Alr Temp.
N b °c °F °C °F _°C °F _kg/min. _1b./min.
8.9 2 312.8 595 320.0 608 210.0 410  0.041 0.092
17.8 4 316.7 602 321.1 10 212.2 4l4  0.042 0.094
40.0 9 317.2 603 321.1 610 212.8 415 0.042 0.094
62.3 14 321.7 611 323.3 614 213.3 416 0.043 0.096 |
9.0 20  320.0 608 321.1 610 207.2 405 0.044 0.0y¢
111.2 25  310.6 591 318.3 605  202.8 397 0.046 0.103 4
“
!
4
!
{
L]
i
{
{
88

cooad e o o



I




Table VII=10
COMPLIANT BLARLIvG LATA FROM TEST # 220

2 2
L/D = 1; Lx b =140 cm (2.25 in )
Bearing Clearance: 0.0318 mm

Test Speed: 39,000 RPM o
Test Temperature: 315.6 C

-———— W

(0.00125 in) (600°F)
Floating Test Bearing
Test Housing Bearing Cooling Cooling
Point Pearing Load o Temp, Tcmp.0 gir Temp. Alr Flow
Plg. VII-28 N % CF % c F__ kg/min__ lb/min
@ 8.9 2 315.0 599 321.1 610 204.4 400 0.043 0.096
©) 3.1 7 315.0-—599 319.4 607  205.6 402  0.044  0.098
® 53.4 12 320.6 609 321.1 610 206.7 404 0.046  0.103
® 75.6 17 318.3 605 319.4 607  203.3 398 0.048 0,105 |
G) 97.9 22 316.7 602 319.4 607  203.9 399 0.049 0,107 i
@ 120.1 27 317.8 604 319.4 607 206.7 404 0.051 0.113 {
©) 1423 32 321.1 610 323.3 614  207.2 405 0.053  0.117 |
|
“
4
L
89



Table Vii-11

COMPLIANT BEARING DATA 1'ROM TLEST i 220

2 2
I/D=1; LxD = 14,6 ecm (2.25 in")
Bearing Clecarance: Q.0318 mm

Test Speed: 45,000 RPM
O
Test Temperature: 315,60 €

(0.00125 in) (600"¥)
floating Test Bearing
Test lousing Bearing Cooling Cooling
Point Bearing Load Temp. Temp. Alr Temp. Air Flow
Fig. VII-28 N 1b °c Or °% % °c °¢F  kg/min  lb/min
8.9 2 315.6 600 321.1 610  210.0 410 0.053 0.116
® 31.1 7 317.2 603 322,8 613  208.3 407 0.053 0.116
53.4 12 315.6 600 321.1 610  203.9 399 0.054 0.118
(:D 75.6 17 313.3 596 322.2 612 208.9 408 0.058 0.128
Q 97.9 22 313.9 597 322.8 613  206.1 403 0.059 0.130
(E) 120.1 27 313.9 597 322.8 613 204.4 400 0,059 0.130
@ 142.3 32 313.9 597 322.8 613 204.4 400 0,069 0.154
D) 164.5 37 311.7 593 322.8 613 209.4 409 0.077 0.171
90
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COOLING AIR FLOW, ka/ min.
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e _ y -

| {.25
L/D=1
C=0.0318 mm
~ (0.00125 IN.)
I .20
AMBIENT TEMP.: 315°C (600°F)
BEARING TEMP.: 315°C (600°F), o~
COOLING AIR TEMP.: 205°C
(400°F)
o -1.15
7a) /‘
Q'_———A//
E}—————CP'—‘_—p——{)——:i”(*”L”*j”"‘ .10
o——-0—0 ]
o 30,000 RPM TEST POINTS
o 39,000 RPM TEST POINTS
o 45,000 RPM TEST POINTS 405
50 100 150 200 250 300
BEARING LOAD, N
Fig. VII-27 Experimental Data for Bearing Cooling Air Requirements

for Compliant Surface Bearing at 315°C
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purpose of obtaining the maximum bearing load pertormance capacity,
A test speed of 45,000 rpm was selected, which corresponded with the
test speed used when the maximum bearing load was obtained during

testing at room temperaturce. The load was increasced in 8.9 N (2 pound)

increments, and the bearing temperature was allowed to stabilize., Figure

VII-29 is the temperature trace for this test. The test points correspond

to those tabulated in Table V11-12., A steady state load of

1.75 % lOSN/m2 (25.4 psi) was achieved with satisfactory bearing opera-
tion., An additional load of 8.9 N (2 pounds) was then added, for

a total load of 1.80 x lO5 N/m2 (26.1 psi). The bearing supported

this load for approximately three (3) minutes before the air {ilm broke
down, causing a high speed rub. In Figure VI1-29, test point QE)
corresponds to the time the final 8.9 N (2 pound) load was added. The
sharp vertical rise in the temperature at point (:) is caused by the
bearing rub, The temperature trace shows that no significant rise in
temperature occurred prior to the rub, and thus there was nc indication

of an impending breakdown in the air film,

DISCUSSION OF ELEVATED TEMPERATURE TEST RESULTS

Three (3) items of significant importance were determined from the ele-

vated temperature testing:
e Influence of journal surface poruvsity on bearing load performance.

e Relatively low bearing cooling air requirements,

e No noticeable ¢ffects of elevated temperatures on bearing performance.

A detailed discussion of these items follows,

Effccts of Bearing Journal Surface Porosity on Bearing Load Performance

During initial testing, both at room temperature and at elevated tempera-

ture, the load performance capability of the test bearing was significantly

below the capacity achieved during the film thickness measurement tests.

[t was

determined through further testing that the cause of the reduced bearing

performance was the chrome carbide coating on the test journal surtace.

Plasma spraved coatings, when finish ground, can result in a relatively

porous surface when compared to a wrought ground steel surface. Utilie-

ing a Taly Surf, it was found that a qualitative comparison could be

made of journal surfaces, Figure VII-30 shows Taly Surf traces for the
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' TEST SPEED- 45,000 RPM

BEARING TEMPERATURE, °C

137 | NOTES: | LOAD AT POINT %0’ 2578 kg

o : , S 2. 9 kg ADDED AT POINT 1I)
S U U P SO SR 3. BEARING SEIZED AT POINT 42!
98- ; : L

59- - -

Fig. V1I-29 Tvpical Trace of Test Bearing Temperature
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-278

-208

-€8

BEARING TEMPERATURE, °F



Table V11-12
COMPLIANT BEARING DATA 1'ROM TEST # 221%

2 2

L/D=1; LxD=14.6 cm (2.25 in") Test Speed: 45,000 RpPM ,

Bearing Clearance = 0.0318 mm Test Temperature: 315.8(0

(0.00125 in) (600°1)

Floating Test Bearing
Test tlousing Bearing Cooling Cooling

Point Bearing Load 0Temp. o Tcmp.O éir Tempé Air Flow
Fig. VII-29 N 1b C O C F C F kg/min 1b/min
@ 109.9  24.7 315.6 600 321.7 611 207.2 405 0.059  0.130
@ 132.1 29,7  315.0 599 319.4 607  207.2 405 0.069 0.153
@ 156.4 34,7  312.8 595 328.3 623 204.4 400 0.084  0.185
@ 176.6 39,7  313.9 597 328.9 624  208.3 207 0.086  0.190
@ 195.3 43,9 314.4 598 331.1 628  205.6 402 0.091  0.202
@ 204.6  46.0  313.9 597 332.2 630  203.3 398 0.091 0.202
@ 213.5 48,0  313.3 59 332.2 030  204.4 400 0.097 0.214
222.4  50.0  312.2 5% 332.7 631 205.6 402  0.105 0.231
@ 233.1 59,4  313.3 596 333.3 632 205.6 402 0.105 0.231
243.8 54,8  308.9 588 331.1 628  207.8 406 0,109  0.240
@ 252.7 56,8  312.8 595 132.7 631 208.8 408  0.109  0.240
(:) 261.6  58.8 - Bearing siczed after 3 minutes at this load condition -

: = The purpose of this test was to determine the maximum load
capacity of the test bearing.

_— -
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following journal surfaces:
e Chrome carbide coating applied by plasma spray process

e Same as above with dry film lubricant (Hohman M-1284) sprayed

over the chrome carbide, then oven cured, and burnished smooth

Chrome carbide coating applied by detonation gun process

Wrought ground steel journal with no coating

The centerline average roughness reading is indicated on each trace and
can also serve as another qualitative method for comparison of coating
porosity, since roughness in the journal surface is predominately caused

by depressions in the surface due to coating porosity.

The Taly Surf traces indicate that some voids in the coating surface are
significantly large when compared to the minimum film thickness in the
bearing. These large voids contribute in several ways to reducing

bearing load performance. Basically they tend to create a dead air volume

which will reduce the pressure generating capability of the bearing.

Tests to demonstrate the effect of journal surface porositv on load per-
formance were conducted in the following manner: utilizing the same test
bearing, two tests were conducted with all test conditions held constant;

load was added to the test bearing in small increments until the hearing
capacity was reached. The bearing capacity was defined to be the load after
which any further increase in load would result in a sharp increase in test
bearing temperature and/or a sharp decrease in rotational speed. During

the first test, the test journal surface was plasma sprayed chrome carbide

and the bearing load capacity was 5.51 x lOaN/m2 (8 psi) at 33,000 rpm.

The test journal surface was then coated with dry film, oven cured, and
burnished smooth. This procedure partially filled in the voids in the

chrome carbide coating, creating a denser test journal surtface. The test

was repeated and the bearing load capacity was determined to be 7.58 x IOGN/mQ
(11 psi). Based on this test, the test shatt for the high temperature test-
ing, was ground undersize to remove the chrome carbide and the bearing diametor

adijusted to maintain the bearing clearance,  Testing at elevated tempes ature was
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therefore conducted on an uncoated wrought steel journal, During initial

testing of the uncoated test jourual at room temperaturce, a load of

8.62 x ]04 N/m2 (12,5 psiY was supported at 30,000 rpm.  The maximam Joad

capacity was not determined at this time to avold the risk of a high speed

rub and damage to the sofc journal surface.

Bearing Cooling Air Requirements

The experimental values obtained for the cooling air flow, shown in
Figure VII-27, are considered to be very conservative requircements for
typical compliant journal bearing applications for the following two

reasons:
e The method of supplying the cooling air to the test bearing

e The requircment to maintain the-bearing-temperature the same as

the ambient temperature.

Method of supplying cooling air

Test bearing cooling air for the high temperature testing was supplied
through a flexible hose connected to the floating bearing housing at the
top. The hose was suspended by springs, as shown in Figure VII-31, to
climinate the influence of the hose on test bearing alignment. The
cooling air was manifolded to threce (3) circumferential groover in the
floating housing which fed three (3) 2.3 mm (0.090 inch) diameter holes
in the test bearing cartridge. The cooling air entered the test bearing
at the gap in the smooth foil, between the welded and loose end, 180°

from the load region.

This method of supplying cooling air to a journal bearing is, in most
cases, not the most efficient manner. In many applications, the cooling
air is best utilized in an arrangement which allows the cooling air to
pass axially through the bearing. A typical cocling air configuration
is shown in Figure V1I-32. 1In this arrangement, the cooling air is
introduced at one end of the bearing into a cavity, and forced to flow
axially through the bump foil and air film to remove the heat generated
by the bearing. In the method used for the test program, which is used
in applications that do not incorporate seals, when the cooling air

enters at the gap in the smcoth foil a significant portion travels
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axially in the gap out cach end of the bearing. The coolling offect of
the air was gained by the rotating shaft drawing the cooling air radially
around the bearing through the afr film. The cooling ¢f foct Increased
with {ncreasing speed. In addition, in extreme temperaturce applications
when the cooling. air enters the bearing at one radial ltocation, the
possibility exists for local thermal distortion of the bearing .o occur

due to temperaturce gradients caused by the cooling air.

In the test rig, the shaft position is fixed, and the bearing is free to
float, which is opposite to most applications of the compliant beuaring,
where the bearing is fixed and the shaft is free to float. Because of
the test requirement that the bearing must be free to float, the cooling
air configuration, which forces the air to pass axially through the bump
foil and air film, could not be used without a complicated system of a

cavity with seals being incorporated on the floating bearing housing.

Maintaining bearing temperature constant with ambient tempcrature

The second reason for considering the measured air flows conservative is
the requirement that the bearing temperature be held constant and at

the same temperature being maintained on the bearing housing. This re-
quirement was sclf-imposed and selected for the purpose of maintaining as
many test conditions as possible constant throughout the entire test
sequence. At a set of constant test conditions, the bearing temperature
will increase as the cooling air flow is reduced. Although specific tests
in this area were not conducted during this program, it is known that the
bearing temperature will stabilize at a higher tempcrature with a reduced
cooling air flow. The lower the flow, the higher the temperature.  Some
point will be reached, however, where more internal heat is being generated
by the bearing than can be removed by the cooling air and the bearing temp-
crature will not stabilize. When these conditions occur, local thermal
distortions will start to .ccur in the leaded area, potentially rupturing

the air film and caucing the bearing to sicze.

Tt is believed that lower cooling air flows may have been achiceved during
these tests if the bearing temperature were allowed to stabilize at a

temperature higher than the ambient temperature,
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Comparison of Cooling Flows with Typical Gas Turbine Engine Flows

The bearing cooling air flows measured, conscrvative as they are, still
represent insipgnificant flows when compared to typical total gas turbine
engine flows. The design flow for the Chrysler/ERDA Upgraded Automotive
Gas Turbine is approximately 22.4 kg/min (50 lbm/min) at 45,000 rpm. ‘The
maximum steady state foil bearing load anticipated for this condition

is 111.2 N (25 pounds). Using the curve of Figure VIT =27, the cooling
air flow required based on the experimental test data, would be approx-
imately 0.06 kg/min (0.13 lbm/min) or 0.26 percent of the total engine

flow.

Lffects of High Temperature on Load Performance

Throughout the elevated temperature testdng there were no indications
that, if thermal distortions were occurring, they were affecting bear-
ing performance, The maximum steady-state load capacity obtained during
these tests was 1.75 x 107 N/mé (25.4 psi), which was approximately

1.38 x l()4 N/m2 (2 psi) more than obtained during testing at room temper-
ature., Some of the additional capacity obtained may be attributed to

the increase in air viscosity at the highzar temperature, but is more
likely caused by a combination of small differences between the two
tests, i.e,, variations in the two test bearings and journals, dynamic

shaft motion, and test conditions.

The testing was positive in showing, however, that the bearing performance
was not degraded by possible thermal distortions occurring at the elevated
temperatures, Although test journal temperatures were not measured, an
axial thermal grodient along the journal existed due to the extensive

oil and water cooling of the test end support ball bearing. Thermal dis~
tortion of the bump foil, smooth foil, and/or bearing housing was also
considered a possible factor in limiting the bearing performance at
elevated temperatures. No measurements could be obtained to determine

the extent of distortion, however; again the effect on performance was
insignificant due to the combination of bearing compliance and bearing

cooling air limiting the distortion,
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BEARING LIFT OFF SPEED

The lift off speced of a self-acting bearing is the speed required to
generate a hydrodynamic air film capable of supporting the dead weight
load on the bearing. The 1lift off speed was obtained by displaying

on a high speed chart recorder, the conditioned signal from one capaci-
tance probe used in the friction torque system and the conditioned signal
from the speed sensoxr, During the start cycle, prior to the lift off
speed being reached, the frictional drag of the bearing is significantly
higher than the frictional torque after lift off occurs, The 1lift off
speed is defined as the speed at which the frictional torque decreased
sharply. Figure VII-33 shows a typical trace with the method for obtain-
ing lift off speed illustrated. Table VII-12 lists lift off speeds

obtained with the various dead weight loads on the bearing.
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TABLE VII - 13
TABULATED DATA FROM LIFT OFF SPEED TEST

2 . e
L/D=1; LxD=14.6 cm2 (2.25 in ") Test Speed: As indicated
Bearing Clearance: C as indicated Test Temperature- Room Ambient

Lift Off Speed, RPM

Bearing Load ¢ = 0.057mm ¢ = 0.0318 mm
N pounds (0.00225 in) (0.00125 in)
A 1 2400 2100
18.9 4.25 3600 2400
27.8 6.25 3900 2600
36.7 8.25 4200 3000
45.6 10.25 4600 3300 T
|
“
{
{
3
4
|
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BEARING FRICTIONAL POWER LOSS

Frictional power loss measurements were to be obtained utilizing two
restraining flexures and the loading parallelogram as shown in Figure
IV-1, The principle consideration in designing the torque measurement
system was to have a system in which the dead weight load would always
pass through the bearing centerline, If this was achieved, no error
moment would be introduced into the system and the measurements would
be accurate, The loading parallelogram was designed to ensure no error
moment would be introduced; however, when testing was initiated it was
apparent that the system was producing an errour mement of significant

value when compared to the very low bearing frictional torque losses.

An alternate and preferred method considered for applying the dead

weight load was to utilize a hydrostatic gas bearing. Although it was
felt that this method would produce accurate bearing frictional power loss
data, it was not feasible to incorporate a hydrostatic gas bearing into
the test rig design without a very complicated design for the brush and
slip ring assembly. In addition, this system would have had its own in-

herent problems when perated at the elevated test temperatures.

The existing computer program predicls the bearing frictional power loss
based on the film thickness calculated at a finite number of points around
the bearing. Calculated frictional power loss for the test bearing at

60,000 rpm and 1.53 x lO5 N/m2 (22.2 psi) bearing load is 70 watts

the Chrysler/ERDA Upgraded Automotive Gas Turbine Engine.

(0.094 hp), which is less than 7,1 percent of the horsepower rating of
«
1
{
\
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VIII. ANALYSIS OF FILM THICKNESS TEST DATA

An objective of the test program was to obtain experimental data that could

be used to correct the film thickness values obtained from the one-dimensional

(infinitely-long) compliant foil bearing theory discussed in Section I1 of

this report. An end leakage correction factor was sought which would give

good agreement between the analytical bearing performance (infinitely long

solution corrected for finiteness) and the experimentally obtained bearing

performance, The solution of the one-dimensional foil bearing expression

was modifiec to include the effects of finiteness assuming a solution of the

form:

€|

where: ¥ -

lav)

< oW
)

Z
)

The functions

(8%, n) = ¥= (8') + M(3") N (n) (1)

PH, corrected dimensionless pressure solution

P

P dimensionless pressure solution

a

, dimensionless film thickness

Actual gas film pressure, atmosphere (psia)

Ambient pressure, atmosphere (psia)

Angular displacement measured from line of centers in direction
of journal rotation, radians

2z , coordinate along bearing axis, dimensionless
L

Actual distance along bearing axis, mm (inch)
Length of bearing, mn (inch)
is a function of ¢' only

is a function of n only

M and N are sought which degrade the pressure distribution to

obtain an approximate Pinite bearing solution. These functions were not

obtained due to the high non=-lincarities introduced into Reynolds Equation

by the compliant effects of the smooth and bump foils.

A second attempt to derive an end leakage correction factor was made using

the experimental data. A functional rel-tionship was sought of the form:

Kl

f(i, A, 8, v) (2)
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Where % = load capacity P lD dim.
6uU R
A = compressibility number —~-=- dim.
cTp
(2 4 a
; , B
B = ratio = dim.
6uU RS
« = bump compliance ——— dim.
B K C3
B
S = bump pitch

KB = unit bump stiffness

Y = aspect ratio (L/D) dim.
then K' eao Lal Aaz 333 334 (3)
dore = (b )
and h minA = CK' h?ln)l (4)

The exponents in cquation 3 were determined by curve fitting the ratio of
the experimentally obtained to the theoretical film thickness using a least
squares algorithm and then taking the log on both sides of the equation to
lincarize it. A Causs elimination routine was then employed to solve for
the exporents in the relationship., The expression was used to correlate

all the data.

The expression obtained could reproduce some experimental minimum film thick-
ness values from the computer predicted values with reasonable accuracy for

the exact test bearing configuration, However, when slight changes were made
to imy of the bearing parameters, such as L/D ratio, bump compliance, diameter,
or ¢learance, the corrected minimum film thickness values obtained from the
computer predicted values using the derived expression werce not reasonable.

It should be noted that the one-dimensional compliant foil bearing theory

used in the computer program contains assumptions that have not vet been shown




cxperimentally to be correct. As was discussed previously in Sceetion VI, if
a bearing with an L/D ratio of 2 or 3 could be tested in the proper speed and
load range, some of the assumptions in the theory could be changed to better

approximate the actual behavior of the bearing.

Figures VIII-1 through VIII-6 show in dimensionless form at a specific speed
and bearing clearance the minimem film thickness values at various loads for
bearings with an L/D = », L/D=1, and L/D = 1/2. The curve for the L/D = o
bearing is obtained from the computer program using the existing foil bearing
theory. The curves for the L/D = 1 and L/D = 1/2 bearings are drawn from the

test data obtained in this program.

It is recognized that these curves were gencvrated from data obtained from a
single bearing design with relatively limited testing at specific speeds and
loads, and thus should be used only as guides in designing bearipge with
design parameters different from the tested bearing. However, it should also
be recognized that these curves are unique and were generated utilizing a
direct measurement of the film thickness value and profile. 1t is also re-
emphasized at this point that the experimental film thickness values usced

to plot the curves contained in this report are film thickness values obtained
at the bearing centerline. As discussed carlier in Scction VIT, the centertine
film thickness value was used based on the major load support capability

being contained in the center region of the bearing. Smaller film thickness
values were measured near the bearing edge.  The computer program predicts

a constant film thickness value axially across the hearins,

“

Tn each figure the two curves representing the experimental data for the

L/D =1 and L/D = 1/2 test bearings are very similiar in shape and trends.

Since all bearing and test parameters, except the L/D ratio, were held constant
for the two test bearings, the differcnce in film thickness values at a constant
unit load is due only to end-leakage effects which are significantly greater

for the shccter bearing. An approximate value for use in degrading the min-
imum {ilm thickness value of an L/D = 1/2 bearing in the size and coniiguration
a1 the program test bearing is 50 percent of the film thickness value of an

I/ = | bearing, Again {t should Lo recognized that this desradation tactor s

based on the limited testing performed in this program,
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Fig. VIT1-3 €=0.057 mm; 60,000 rpm: Dimensionless Minimum Film Thickness
Values tfor 3 L/D Ratios, Compliant Surface Bearing
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Figure VILL-7 is a plot rimilar to those being discusscd for a rigid surface
pliin sleeve bearing., “he curves were generated solely from Ralmondi's analytical
results presented in Reference 3], In the very limited band of unit loading
between 0.1 and 0.3, a rough approximate degradation of the L/D = 1/2 film thict-
ness value to the I./D = 1 value is 50 percent, This comparison is not intended
to corrclate foil bearing test data with rigid bearing analytical data, but
rather s presented only to show that the experimentally derived deyradarion

faclor has a reasonable value.

Examining the plots tor the compliant surface bearing reveals significant dif-
ferences in the shape of the curves for the two L/D bearings tested and the
L/D = = bearing, especially at the lightly loaded conditions. The primary
min
—-= 1
C at

"

differcnce is that the experimental curves do not originate at

zero unit loading.

The predicted L/D = « curve in each of the six plots exhibits the sume shape
and trend as similar plots for any rigid hydrodynamic bearing. This can be

readily observed by comparing the curves of Figure VIII-7 with the /b

curves in Figures VI1I-1 through VIII-6.

Although no test data was obtained at zero load, which would require an
upward load to eliminate the weight of the floating housing, it can be stated
with certainty that at zero load, hﬂiﬁ = 1 would NOT have occurred. This
condition can only occur in a compliant bearing if both the bump foil and
smooth foil are formed exactly to the proper diameters and are firmly

scated against the bearing housing and each other. 1In addition, the bear-

ing clearance must be known to the same accuracy as the film thickness values.
In an actual bearing neither of the two conditions can be satisfied., The
present analysis assumes these two conditions exist; hence, this is one reason
for the significant difference at light loads between predicted and experimen-
tal {ilm thickness values, The shape of the predicted and experimental curves

tead o become more similar as bearing load increases,

Fhe expanded plot ot both the predicted amd experimental rilm thickness profile

arcound the bearine, shown in Fivare VITT=8, ot fers another possible explanation
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as Lo why the experimental curves differ from the predicted curves. The film
profile predicted is a symmetrical curve where the region of minimum £ilm
thickness is finite. The region of minimum §ilm thickness which accounts for
the majority of load support does not increase substantially with incrcasing
load over the load range examined, therefore causing rapid changes in the
minimum film thickness value with increased load. The experimentally obtained
profile, however, contains a region ¢f minimum film thickness over a sub=~-
stantial portion of the bearing. As load is increascd, the minimum ilm

thickness region, or main load support region, increases because of the

bearing's complTiAce aad conformity resulting in less of a change in minimum

film thickness value for cach change in load.

It was not the intent of this program to correct the existing one-dimensional
analysis and cemputer program based on test data, but rather to cstablish
guides for correcting minimum film thickness values obtained from the present
computer program for an L/D = » bearing for end leakage effects. Since the
L/D = « curve is significantly different compared to the L/D = 1 and L/D = 1/2
curves, it is hard to establish a gencral degradation factor for the complete
load range., At a unit loading of 0.8, which represents approximately one-half
the load capacity of the L/D = 1 test bearing, the minimum film thickness
value of an L/D = 1 bearing is approximately 50 percent of the computer pre-
dicted minimum film thickness value for an L/D = « bearing. A degradation
factor based on a specific speed and clearance for a bearing similar to the
program test bearing can be obtained by using the graphs of Figures VILI-1
through V1I1-6, Again, it is recognized that these graphs are based on
limited test data for a specific bearing design, but it does offer an approx-

imate correction for side leakage effects in the conpliant bearing.
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| LX. CONCLUSIONS AND RIZCOMMENDATIONS |

A 38,1 mm (1.50 inch) diameter Hydresil compliant surface journal bearing
was designed using an existing computer program and the bearing per-
formance characteristics calculated, The bearing was then extensively
tested at speeds up to 60,000 rpm and loads up to 1.75 x 10° N/m?
(25.4 psi) to determine experimentally the bearing's performance character- |
istics both at room temperature and 315°%¢ (GOOOF). A measurement system
for obtaining direct film thickness measurements which utilized a modi{ied
; capacitance proximity probe system mounted in a high speed journal was
designed and fabricated for the test program, Accurate film thickness ‘
profiles and minimum values were obtained at room temperature for L/h=1
and L/D=1/2 test bearings at two clearances each for various speeds and
loads. Testing was conducted at BlSOC (6OOOF) on the L/D=1 test bearing, |
and bearing cooling air requirements and load performance capacity were

determined,

The Hydresil Compliant Surface Ajr lubricated Journal Bearing successfully
demonstrated performance characteristics that can fulfill the requirements
of present and proposed automotive gas turbine engines. The load perform-

f ance demonstrated at both room temperature and 315°¢ (6000F) ambient and
bearing temperature represents a significant advancement for compliant

surface bearings.

7 SPECIFIC CONCLUSIONS

|
i
“
i
!
i
f
|
!
’ s : . ’ : : : ]
Following is a list of specific conclusions relating to the compliant J
surface journal bearing., ‘These conclusions are substartiated by the test

results documented in Section VIL. ﬁ

Journal Bearing Load Capacity Performance
. . 5 2 . .
A masximum steady state load of 1.75 x 107 N/m” (25.4 psi) was success.ully
- . q1 a9 O,. -
supported at 45,000 RPM at a bearing temperaturce of 315°C (6007F)., This
capacity is considered sufficient tor use in present and proposed automotive

pas turbine engines,

1.0
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1 Tnfluence of L/D Ratio on Minimum Film Thickness

The minimum film thickness value was found to significantly decrease at

' constant speed and load conditions as the L/D ratio decreased. The com—
puter predicted minimum film thickness value for an L/D=+ bearing was
found to decrease by 50 percent for an L/D=1 bearing and 75 percent for
an L/D=1/2 bearing in a typical load range for the test bearing due to the
end leakage effects occuring in a bearing of finite length. These de-

gradation factors are of the same order as values for rigid surface bearings.

y Influence of Bearing Fabrication Accuracy on Load Performance ‘

The assembled compliant surface bearing when tuilt on a small volume basis |
‘ without production type tooling presents a quality control problem when

maximum bearing performance is sought., Close visual inspection of the i

completed bearing provides the best check on the bearing as the flexible ‘

foils do not allow precise measurement checks to be made. !mproper bearing

conformity was shown to influence the film thickness profile and reduce
should eliminate this problem e o

} Bearing Journal Surface Porosity

|
bearing performance, Proper tooling and large volume manufacturing techniques 3
|
|
|
|
!
f

The effect of bearing journal surface poros‘ty was determined experimentally -
| to be a significant factor on bearing load performance. The maximum bearing
capacity was obtained using a wrought ground steel journal which had essentially N
no porosity. The porosity of plasma sprayed chrome carbide coatings, which
are currently being used on journal surfaces to obtain good wear properties at 4
high temperatures, were found to degrade the hydrodynamic pressure field.
Denser coatings which can be obtained by applying the chrome carbide by methods p

otiter than plasma spray offer a compromise solution,

Bearing Cooling Air Requirements

fhe vooling air required by the compliant surface bearing to remove the selt-
penerated heat was shown to be a very small portion of the total air flow ot
tvpicatl turbomachinery atilizing the hearing,  Cooling air requirements per

Learing of as low as approximately 0,25 percent of total engine flow can be i

expected,




Effects of Thermal Distoction on Bearing Performance

While no attempts were made to deliberately introduce thermal distortions into
the tests, the load performance capacity of the test bearing was experimentally
shown not to have been reduced by operatirg at a temperature of 315°¢ (GOOOF)
where thermal distortions might be anticipated. A combination of the bear-
ings compliant characteristics and the cooling air supplicd to the bearing

allowed the bearing to successfully operate at the elevated temperatures.

RECO!MENDAT IONS ¢

The following recommendations are made based on the results of the work per- {

formed in this program,

Further testing should be conducted on a journal bearing of L/D of 2 or 3 using
the film thickness measurement techniques developed in this program.  Use of the
longer bearing will more closely approximate the model of the current one-dimen-
sional analysis and allow the assumptions now in the analysis to be verificed and
corrected if resaired.  These assumptions include among others the influence of
foil seating and the use of a meaningful bearing clearance. After the infinite

length bearing is correctly modeled, the analysis can be extended possibly by

W™ e — e _an e

finite clement bearing analysis to accurately represent a bearing of finite length

for use in correctly predicting the rinite length bearing performance characteris-

-

tics. The test measurement techniques developed should be utilized for investi-
: gation of the influence of foil bearving design parameters in order to optimize 4

bearing design.

Additional Journal Bearing Tests

Additional testing of compliant surtace journal bearings should be conducted
for usv in veritying a complete set of desipn charts. Varions desipgn charace-
terintios and higher test speeds should be evaluated based on anticipated
requirements tor the advanced automative gas turbine enyine. festing com=

pli.nt surface bearings of other desipns, such as the tension foil and

cantilevered beam, should also be conducted in the same test cquipment

to obtain data which is dircetly comparable.
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! Thrust Searing Tests !
A program similar to the one reported here s recommended for compliant
} surfaces thrust bearings.
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APPENDIX A

FABRLCATION OF THE FILM THICKNESS SiNSOR

All components for the rotating sensors and slip ring assemblics, with the
cxception of the commercially purchased metal [iber brushes, were designed,
fabricated and assembled by the Instruments Group at MIL. Two test shafts
were instrumented; one for film thickness measurements and one for film
pressure measurements. Two similar probes werce installed in each journal
surface 90° out of phase with a slip ring assembly at each end of the shaft
allowing for simuttancous reading of both probes. Figure V-1 shows the
actual probe and Figure V-2 shows the installation. A detailed cross-

section of the {ilm thickness sensor is shown in Figure A-1.

A major consideration in the design of the sensors was to minimize the effect
of speed on the mechanical shifting (zero shift) of the sensor in the shaft,
To achieve this, the capacitance probes were constructed to provide high

axial stiffness and stability under varying radial loads. At 60,000 RPM

the radial load on the center electrode was calculated to be 22.7 kilograms
(50 pounds). An experiment conducted on a completed probe using a special
fixture showed that the center clectrode would displace approximately

2.79 x IO_A mm/kg (5 x IO_Ginjlb) of load. Under full speed loading, the
center electrode will displace 6.35 x 10—3mm (2.5 x lo-éinch). This dis-
plicement is due to compression of two scparate .1 mm (L004 inch) thick laycers

of mineral filled epoxy resin.

To reduce the offect of speed on zero shift, and to obtain o positive
clectrical connection, jacks were used to prefoad the probe assembly.  The
center of gravity of the jack was loeated below the journal axial centerline
(with respect to the probe) which tended to reduce the preload at high
speeds resulting in oa fairly constant pressure on the probe support tace
over the speed range. A special #6=40 serew in the jack was used to apply
59 kpm (130 pounds) of preload to the probe.  The jack serew connector con-

tacted the shatt bore through a steel bhall,

Figure A-2 shows the complete installation consisting of (left=-to=right):
o Ind shicld with slip riog; connection tfram a large to a miniature
coaxial hles connector to probe,
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e Probes (2)
e Jacks (2)

e Connector to prebe; miniature coaxial cable; connection to large

coaxial cable; slip ring.

Both channecls of instrumentation were identical in their layout and dimensions,
except for the length of the large coaxial cable, Figures A=3 and A~4 show

the actual hardware,

The film thickness sensor was a 3.25 mm (.128 inch) diameter capacitance
probe with a maximum range of .127 mm (.005 inch). Figure A-1 shows a
detailed cross section of the sensor. The center cluzctrode and guard elcc-
trode were made of 400 series stainless steel. The outside of the center
electrode was coated with Ecobond 104 Epoxy containing an aluminum oxide
filler. The epoxy coating was machined togive a light interfererce fit with
the inside of the guard electrode. The final thickness of the epoxy layer
was approximately .1 mm (.004 inch). The outside of the guard electrode
received a similar—treatment. The fit of the assembled probe into the

shaft was line on line to slightly loose.

The sensors were initially installed in the shaft with the probe tip above the
journal surface. The journal surface was masked and the probe tip lapped to
conform to the shaft radius. The sensors were then removed, und the shim
between the guard electrode and shaft increased in thickness so that when

the sensors were reinstalled in the shaft the probe tip was approximately

.038 mm (.0015 inch) below the journal surface. The probe tips were recessed
to protect the tip surface during starts and stops and in the cvent of a high

speed rub.

The connector was fabricated from the same stainless steel material as the
probe assembly. The center conductor of the miniature coaxial cable was
brazed to a disk that made the connection to the center electrode.  The
disk was insulated from the rest of the connector by a layer of epoxy. The
shiold of the coaxial cable was brazed to the connector which fitted in-
side the guard olectrode. A spring clip made of copper insured a good

cloctrical connect ion Letween the connector and the guard electrode.

PV I



AL

,d%a
\ Z W

129

L m— all

e



130

Film Measuremont Sensors

A=

Fip.

’



The miniature coaxial cable was connected to the large coaxial cable utilizing
a special adapter. The center conductors were spot welded and the shields
brazed as shown in Figure A-5. The long coaxial cable receifved bhands of

epoxy approximately 12.7 mm (.5 inch) wide spaced 19mm (.75 inch). These
epoxy bands were then machined to obtain a line fit with the bore in which

the cable was to be installed. After both large coaxial cables were installed
in the shaft and connected they were potted in place with epoxy. The

coaxial cable at each end was then machined to receive the gold plated brass
slip ring which made the guard electrode connection, and the "button'" tip

which made the center electrode connection. Also shown in Figure A-5.
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APPENDIX B
FABRICATION OF BRUSH AND SLIP RING ASSEMBLY

A detailed cross section of the brush and slip ring asscembly is shown in
Figure V-2, The use of a capacitance system required a completely

shielded slin ring assembly which was designed and fabricated at MI'L for

this program. The high shaft speed required the slip ring size to be as
small as practical in order that the surface velocity be kept at a reasonable
level. At the 60,000 RPM speed condition the surface velocity of the slip
ring was 9.96 m/sec (32.7 ft/sec). A hard gold wire brush running on a hard
gold plated brass slip ring provided the circuit for the guard electrode. A
silver graphite brush against a silver alloy "button'" completed the center
electrode circuit. Both circuits terminated in a regular coaxial cable

micro-dot connector. —

The coaxial cable which protruded from each end of the test shaft was
prepared to accept the slip ring and "button' by machining the outer shield
and inner conductor concentric with the support ball bearing surfaces. The
brass slip ring sleeve, which was plated with a .025 mm (.001 inch) thick
coating of a hard gold alloy, was a light press fit onto the outer diameter
of the shield of the coaxial cable. The silver button was a light press fit
onto the center con‘uctor. When the shaft was assembled and rotated on its
support ball bearings the total indicated runout at the sliy, ring surface was

less than .005 mm (.0002 inch).

The brush housings were doweled to the test rig after the instrumented shaft
was installed to ensure the housings werc centered around the slip rings.
Two metal-fiber brushes supplied by the Wendon Company were used in each
brush housing. The brushes were threaded into a pivot arrangement which
enabled the brushes to be rotated in and out of contact with the slip rings
and also allowed for the adjustment of brush pressure. The entire brush
housing was at the guard electrode potential which required the housing to

be electrically insulated from ground.

The silver graphite brush was spring loaded against the "button" on the
center conductor. A special connector was used to make the connection to the

center terminal of the micro-dot connector. The brush, spring and connector
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were electrically insulated from the rest of the brush-housing.

Figure B-1 shows the brush housing and intcernal components.

During initial tests, the slip rings and metal fiber brushes were exhibiting

excessive wear. To reduce the wear rate a system of lever arms with magnetic

stops was devised to allow the brushes to be conveniently lifted from the

slip rings while the shaft was running but when no test data was being ob-
tained. - A counter weight at one end of the lever arm held the brushes off
the slip rings. A magnet at the opposite end of the lever arm would hold

the brushes in a preset position on the slip ring to allow test data to

be obtained. This system greatly reduced the wear rate of the brushes and

slip rings.

Figure B-2 shows the brush housing installed at the test end.
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