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NOTICE

This report was prepared as an account of Government-sponsored work. Neither
the United States, nor the National Aeronautics and Space Administration (NASA),

nor any person acting on behalf of NaSa:

A.) Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the inform-
ation contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not

infringe privateiy-owned rights; or

B.) Assumes any liabilities with respect to the use of, or for damages
resulting from the use of, any information, apparatus, method or

process disclosed in this report.

As used above, 'person acting on behalf of NASAY includes any employee or con-
tractor of NASA, or employee of such contractor, *o the extent that such
employee or contractor of NASA or employee of such contractor prepares,
disseminates, or provides access tc any information pursuant to his : _loyment

or contract with NASA, or his employment with such contractor.
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The work described herein was performed at Mechanical
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1. INTRODUCTION

Gas beerings are a very critical componert of the Brayton Cycle turbomachinery
that is being developed for dynamic power conversion in space vehicles. Because
of the high speed of this machinery, bearing selection is dictated by the require-
ments of rotor-bearing dynemics, rather than by steady-state load capacity. The
rotor-bearings dynamics problems are rendered more critical by the fact that the
machinery must be capable of operating both in normal gravity and in zero gravity
fields. Stability at high speeds, and high stiffness in both the loaded and un-
loaded states are therefore prerequisites for the gas bearings used in Brayton
Cycle machinery. Among the self-acting gas bearings, the tilting-pad type is

the one preferred for high speed or for zero G operation.

Because of the freedom of motion of the pads, tilting-pad bearings can tolerate
thermal distortions induced by the temperature gradients in high temperature
turbomachinery much better than rigid bearings. In addition, properly designed
tilting-pad gas bearings have a high stability threshold and possess high fluid
film stiffness, even under zero net load on the bearing. High stiffness at zero

load is obtained by geometrical preloading. High stability is achieved provided
that: |

1. The inertia of the pads is low enough that they can track shaft whirl
precisely. This requires that the natural frequency of the pads be
greater than the running speed.

2. Pivot friction and damage is small so that it does not significantly
restrict the freedom of motion of the pads.

To the extent that the above conditions are not satisfied, the advantages of the
tilting-pad bearing are lost and it becomes subject to the same problems as rigid

bearings, such as half frequency whirl which can rapidly develop destructively
high amplitudes.

Depending upon the operating conditions, the pivot motions, and the pivot design,
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the pivot members will experience relative rolling and sliding motions. It is
necessary to consider what effect these motions would have in causing damage to

the pivot and what effect pivot damage has on pad motions.

In order to gain a better understanding of the damage and wear of pivots and to
develop desigu criteria, a theoretical and experimental program was initiated
by NASA under Contract NAS3-7629.

The objective of this program is to investigate this problem ares by analysis
of the pads and pivots motions; by analysis of the elastic and plastic behavior
of the pivot-pad combination; and by means of an extensive test program in which

actual pivot motions are closely simulated.
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II1. BACKGROUND

Due to the various factors of misalignment, shock and unbalance a combination of
motions can be transmitted from the bearing pads to the pivots. The motions are
illustrated in Figure 1.

The pitch motions are the fore to aft rocking of the pads due to the translations
of the shaft axis. Roll of the pads arise from the rocking of the shaft axis

Yend to end"” or about its center. Yaw is the twisting of the pad about its center
resulting from the rocking of the shaft axis or twisting of the pivot axis. Dy-
namic loading results when the pad moves parallel to the pivot axis or vice versa.
S¢paration or bounce will occur if the magnitude of the dynamic load is large
enough. These motions of the pad will cause a variety of motions within the

contact area of the pivot.

Consider the pivot to consist of a ball resting upon a rigid flat plate. When a
given load W is applied, an area of contact of radius r and a closure of distance
5 is established. The Hertz equations can be used to calculate approximate values
of maximum pressure r, and 5. If now any tangential force or twist T is super-
imposed on the normal force by the pitch, roll or yaw motions, microslip can

occur.

The microslip occurs as & result of the combination of the normal stress, Ty and
the shear stress, gt The normal stress is & maximum at the center and approaches
zero at the contact edge. The shear stresses will be zero at the center and ap-
proach a maximum at the edge. Thus at some point on the radius of the contact
area (re) the ratio of the stresses Ts/Tn > fs (where fs is the static friction
coefficient for the material pair) and microslip will occur. When 73/Th < fs

then only elastic deformation will occur and the two surfaces are locked together.

If 1/w > fs slip will occur over the whole contact region and gross sliding will
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occur. Thus for a ball resting on a plate with a given load w, one can define
a locked region and a slipped region as shown in Figure 2. The question then
arises '"what happens to these regions as pitch, roll, yaw, and dynamic load are
induced"?

Pure pitch will cause body B to rotate about body A and have the same effect as
a change of load. Slippage will increase in the direction of the pitch motion
particularly in the regions of P and P'. The amount of motion will be extremely
small (10- in.) for the amount of pad mot.ons considered. The basic dimensions

of the locked regions, L and slip regions r - r, will change only slightly.
Roll motion will have a similar effect to pitch but in the direction RR'.

Motions in the normal direction due to dynamic lcading wil! produce changes in
slippage. 1In this case the slip will be symmetric to the axis, equal at both
P and R. If the dynamic loaa motions are greater than §, separation may occur.
For a 1/2" diameter ball a 30# load gives a § of only .0003. Thus very small

motions in the vertical direction can result in a large amount of microslip.

Yaw motion results in a direct application of shear stress to the contact area
and will cause slippage about the pivot axis. As the yaw motion increases a

point will be reached where nearly the full contact area will slip.

Thus in the contact area, for small motions in any direction, the result will be
elastic deformation with a small amount of scrubbing action or microslip within
a well defined slip region. The basic area of contact will remain ip the same

position.

Thus one can consider two types of motion:

l. Gross Sliding
By gross sliding is meant that the whole contact arca is =xperi=ncing slip

in the same direction. This will result if the yaw motion becomes large

enough. It will also take place with the fully conforming socket and ball
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since there can be no rolling action. Gross sliding will also result from

large tangential forces particularly with a ball on flat geometry.

2. Rolling Motion with Elagtic Deformation and Microslip

This will be the predominate form of motion due to normal shaft and pad
motion. It will consist of a scrubbing action within a well defined con-

tact region. The amount of microslip will be small.

If there is gross sliding, damage and wear will be severe. This can be estab-
lighed by considering the wear rates in typical fretting experiments using the

equipment shown schematically in Figure 3.

A hardened dry, 52100 steel sleeve was loaded against a hardened 52100 steel ball
by means of a spring. This permitted the bearing to roll with the ball to some
extent, a condition which simulated the motion in the actual application. The
center of the ball was located at the node point of the second mode of the rod.
After approximately 20 x 106 cycles, no damage could be detected. The contact
areas were smooth and polished. Substitution of a glass-reinforced Teflon-lined
bearing for the steel bearing also showed no damage, only a faint polished area

on the Teflon sleeve.

When the test was set up with a fixed bearing sleeve, so that most of the motion
was sliding rather than rolling, damage was severe. The amplitude in this case
was reduced to 0.2 mils because of the restraint on the bearing. Within a few
hours, a conspicuous wear area was observed with the typical reddish-brown debris

which is characteristic of fretting damage.

These results indicated that surface damage could be produced in a fairly short
period of time if pure sliding conditions were imposed. This can be avoided by
appropriate pivot design. Pure rolling without microslip is almost impossible

to achieve. The question then remains as to the methods of selecting materials,

lubricants and pivot designs for the conditions of rolling with microslip.

The experimental work on all these lines is almost non-existent. Johnson (Ref. 2)
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demonstrated that the slip region exists and fretting will result in the contact
of a steel spher ith a plane surface. Burton (Refs. 3, 4, 5) has studied the
case of oscillating normal load for the case of a ball on a flat. Much of this
work was lubricated, however, some data were reported on the unlubricated condi-
tion with 52100 steel. Severe damage was reported after 30 x 106 cycles at

o

max _ 750,000 psi

Oin 460,000 psi

-~

Although this is a higher stress level and variation than would be used in a
pivot, the required life of the pivot is of the order of 3.6 x 1010 cycles. Klint
(Ref. 6) investigated the "limits of elastic behavior'" and found that without
gross slip there was no wear for stainless steel specimens after 2 x 106 cycles
at stresses high enough to produce plastic deformation. However, when the limit
was exceeded wear and damage was observed in a few seconds of operation. In this

case only an oscillatory tangential force was considered.

Somewhat more information is available on actual pivots operated at low temper-
ature. Pivots lubricated with oil in tilting pad journal and thrust bearings
operate with little difficulty over long periods of time. Where fluid lubricants
can not be used a set of design specifications has been developed (Ref. 7). 1In
essence, they prescribe a ball and cylinder configuration where the stress is
less than 120,000 psi and the difference in radii large enough to insure a roll-
ing action at the pivot. Pivots designed in accordance with these specifications
have shown no wear (or at least insignificant wear) over very long periods of
operation. Operating results are shown in Table I. It was felt that the main
reason for the successful operation of these pivots is that they were lubricated
and that the motion was primarily rolling. The extent of microslip within the

area of contact was not determined.

At temperatures above 600°F, the use of solid film lubricants is limited, and at
temperatures above 1000°F, the hardness of available materials is reduced. Under
these conditions, additional difficulties can be anticipated. At high frequencies,
the solid film lubricants could be more rapidly removed and appreciably more heat

would be generated. This may increase the wear and damage appreciably. There
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needs to be a clearer understanding of the effect of variables on the fretting
damage, particularly with principally rolling motions and outside the limited
conditions listed above. Accordingly a program was initiated by NASA under
Contract No. NAS-7629 to Mechanical Technology Inc. The scope of this program
is described in the following section.
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III. PROGRAM SCOP

In order to gain a better understanding of the wear and surface damage in pivots
a theoretical and experimental program was conducted. The purpose of this pro-
gram is to suggest design criteria for maximum pivo:t life. 1In order to obtain

this information the program was divided into the following parts.

l. Analysis of Pad Motionsg

Information was required to determine the magnitude of motions to be used in the
experimental portion of the program. An analytical investigation was conducted
using as a model the 50,000 RPM axial flow, Brayton Cycle turbocompressor de-
signed by P&JA and MTI. The pitch, roll and yaw aspects of the pad motions were
calculated for both bearings of the turbocompressor, over the speed range from
12,000 to 60,000 RPM, as functions of a mechanical unbalance in the turbine wheel
plane, and these were used to establish realistic amplitudes of motion on the

test program.

2. Microslip Analysis

It would be expected that the wear and surface damage of the pivot could be di-
rectly correlated to the amount of microslip which results from the pad motions
and that different pivot designs would result in different amounts of microslip.
Accordingly, an analytical investigation was undertaken to determine surface
geometry for minimum microslip and the microslip which would result from several
conventional geometric pivot shapes. The intent of this portion of the program
was to determine the optimum pivot shape. This work was performed at Rensselaer

Polytechnic Institute under the direction of F. F. Ling.

3. Materials and Lubricants

Present and future Brayton Cycle Space power units will operate in the 400 to
1400°F range. As a part of this program, it was necessary to select from the

literature those materials and lubricants with the greatest potential for
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successful pivot operation within this temperature range. The most appropriate

materials would be evaluated in the experimental portion of the program.

4. Degign and Development of Test Equipment

In order to evaluate the materials and designs selected above, it was necessary
to develop a test rig which simulated the rolling and yaw motions of gas bearing
tilting pad pivots. The following requirements were specified:

Motion
Motion Amplitude

Independent rotary oscillation about 3 orthogonal axis
.0015 inches

Frequency - 2C0 and 1000 cps
Atmosphere - Argon or air
Load - 2 to 30 pounds
Temperature - 80 to 1400°F

5. Screening Tests

A series of short term tests was first run to select the appropriate materials.

With closely fitting machine surfaces, welding can result. In selecting materials
for a given application the first step is to choose materials which slide or roll
without damage. Since it is not possible to theoretically determine when damage
will occur, screening tests must be used. Such a test may be of short duration
since damage, if it is to take place, will occur almost immediately. For this
program a 12 hour test was selected. The operating conditions were selected to

duplicate those for the bearing pivot as closely as possible.

With selected motions, pivot shapes and materials, 12 hour screening tests were
run using the test rigs developed for the purpose. The purpose of the screening
tests was to select the best materials based on damage in three temperature range
80 - 400°F, 80 - 1000°F, 80 - 1400°F. The range of operating conditions was as

follows:

-10-
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Temperatures - 80 to l400°F
Loads - 2 to 30#
Frequency = 200 and 1000 cps

Pivot Shape - .250 radius ball versus flat, .256, .375, .750 pocket
and .256, .375 cylinder

Motion - Pitch .0005 in/in to .0015 in/in.
Roll .0005 in/in to .0005 in/in.
Yaw ,0005 in/in to .003 in/in.

Atmosphere - Argon

6. Long Term Tests

Once materials are selected which are not damaged by this type of motion it is
necessary to determine their long term behavior with respect to wear or surface
fatigue. Several of the materials which were most promising from the screening
test were run for 2000 hours within the conditions tested above. 2000 hours
represents 207 of the expected design life of 10,000 hours. This is a suificient

percentage of the life for realistic extrapolation.

7. Special Design Tests

During the course of the program a number of special designs were evaluated.
These were pivots which were being contemplated for use in various prototype
machinery. The tests consisted of 1/2 inch balls mated with either conforming
or non-conforming sockets. In most cases 100 hour evaluations were made at

various temperatures. A final test was run for 1000 houvs.
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IV. SUMMARY OF RESULIS

An analytical and experimental investigation of pivots for tilting-pad gas bear-
ings has been conducted. 8ix rigs have been constructed which simulate the
motions in the pivot. These rigs give pure rolling motions in two directions
when applied independently. A twisting or yaw motion can also be applied. The
test rigs allow the testing of pivots at temperatures to 1400 F in a various
atmosphere at loads to 30 pounds. Various combinations of pitch, roll, and yaw
can be applied at frequencies of 200 and 1000 cps. The systems have been set

up for the unattended operations. The investigation results are as follows:

1. A study has been conducted to determine the pad motions due to the
rotacion of a typical compressor shaft rotating at speeds between
12,000 and 60,000 rpm.

a. The -amplitudes of the pad oscillation in the pitch, roll and yaw
directions are limited in magnitude due to the fluid film damping.
No resonant peaks due to individual pad-gas film resonances were
encountered with the speed range (10,000 to 60,000 rpm) investi-
gated. This may be due to the fact that the film damping is suffi-

cient to completely suppress any such individual pad resonances,

b. The calculated pitch amplitudes were about 1 to 1.5 milliradians
at the system critical speeds, dropping rapidly to about 0.1 to
0.3 milliradians, away from the critical speeds. Roll and yaw
oscillation amplitudes were of about equal magnitudes through the .

speed range, being everywhere below .1 of the pitch amplitude.

2. An analytical investigation was conducted to determine the amount of
microslip which occurs with various contact geometries. A computer
program was developed which allows the determination of microslip for

4th order contact surfaces as well as the pressure.

-12-
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3. An: analygis was also carried out to examine what can be done geometri-
cally to minimize microslips. It was found that an optimum geometry
does exist where the microslip is essentially eliminated.

4. A series of 12 hour screening tests has been conducted with various
- materials, pivot shapes, under various types of motions, amplitudes,
v frequencies, temperatures and loads which simulate gas bearing tilting
pad pivots. The foilowing results were obtained:

a. Under the most severe conditions of the above variables damage was
ingignificant in the 12 hour test with most materials. The damage
congisted merely of a darkened ring of metal at the periphery of

the area of contact. This damage pattern corresponds to the slip

region predicted by theoretical considerations. No overall wear
i was evident.

£ r b. The tests indicated that the most suitable materials for the selected

temperature ranges are as follows:

i 400F 1000F 14Q0F
E 38
: M-2 Tool Steel M-2 Tool Steel
4 ig ve. Itgelf vs. Itself
Stellite Star J Stellite Star J Stellite Star J
ve. Stellite 19 vs. Stellite 19 vs. Stellite 19

SAE 52100 Steel
vs., Itself
Stellite 6B vs.
Stellite 6B

bide vs. Itself

K 162B Titanium K 162B vs. Itself K 162B vs. It-
Carbide vs. Itself self

AR

Carboloy 608 vs.
Itself

l K 96 Tungsten Car-




400F 1000F 1400F
Cemented Oxide Cemented Oxide
ve. Itself ve. Itself
HP 51203 vs.
Itself

c. Pure ceramic materials, hot and cold pressed A1203 gave surface

fracture pits in the contact area.

d. Severe damage to the pivots wes found under the following conditions:

- dynamic load

- yaw (twist) motion of 3.2 mil/inch of radius

- gpecimens free to turn in holder.

e. No effect of pivot shape was evident with the following exception:

. Increased damage was noted with the .256" radius (nearly conform-

ing). This was attributed to the filling of the clearance with
wear debris.

f. No difference in the wear, surface damage, or appearance of tlhe

i slip ares was evident after running tool steel, stellite, or
titanium carbide specimens after running in an air, argon, or
i reducing (93 N2 7 HZ) atmosphere at 500F and 900F.
5. A series of 2000 hour tests run at 900F using the .250 radius ball vs.
l various socket geometries showed the following:
! 8. There was no significant increase in the wear or surface damage
as compured with the 12 hour tests.

b. The carbide, tool steel, and stellite performed satisfactory.
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Some microdamage was evident but appeared to be insufficient to

seriously affect pivot motion. It is concluded that these materials
are suitable for long term service.

¢. In contrast to the short term tests, no effect of the following

shapes could be detected:

flat
.256 radius socket
11"
+250% radius vs. .256 radius cylinder

. 750 radius socket

6. Four tests were run with two solid film lubricants (Mos2 bonded with
sodium silicate and the NASA fused fluoride). Neither lubricant was
worn away after 3.6 x 108 cycles (100 hours).

7. A series of 100 hour tests was run at 500 F with a variety of special

materials and shapes. T™e following results were obtained:

a. Six tests with the combination WC ball-WC sprayed A-286 steel con-
forming socket indicated that the sprayed coating was removed from
the socket and transferred to the ball during the test. The depth
of the damange area was .0003 in. This damage induced changes in

the pivot motions. It was concluded that this material combination
was inadequate.

b. Eight tests were run with the sapphire ball-WC sockets with both
the conforming and non-conforming geometries. In all cases some

damage was evident. The non-conforming geometries with the center

hole showed demage at the hole edge. The conforming geometries

showed micro-transfer from one surface to the other with no edge
effect. Fracture cracks were noted on the sapphire ball; accord-

ingly it was concluded that this material combination was inade-
quate.

c. Eight tests were run with the BRU pivot design (conforming geo-
metry) used in the Brayton Rotating Unit (BRU)*

* A single-shaft, turbocompressor alternator presently being tested at NASA-
Lewis.
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ey,

With both carbide (the BRU pivot material) and tool steel, micro-

damage occured. This damage consisted of removal of material from

Py

each surface and transfer to the other at isolated contact spots.
The depth of the damage was approximately 20 microinches. This did
not interfere with the motions and no overall wear could be detected.

This type of damage was characteristic of all conforming geometries.

8. Two of the carbide BRU pivots described above were run for an additional
1,000 hours. The micro-damage at the conclusion of the test was more gen-

eral, covering most of the surface. The extent of the damage however,

was still small enough so it did not affect the motions of the pivots

in the test rig. No significant wear was detected. It was concluded

that the conforming surface pivots that were tested will operate suc-

cessfully in an otherwise properly designed pivoted pad gas bearing,

at least for the order of one to several thousand hours.

e IO B B L I B
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It is concluded that when using the proper materials and lubricants that

Faom

pivot fretting is not a significant problem area. The sliding motions

Ee

in the contact area are not large enough to produce significant damage

or wear even when the imposed motions are 10 times that expected in a

E
2
£
£
3

properly designed bearing.

10. Within the limits of ibhese experiments the shape of the test specimens

was an insignificant variable except that cthere was wmore surface damage

5 with the more conforming geometries (radiyé ratios of 1 or 1.02).

ﬂ '! mc""

11. For minimum damage and wear the following recommendations are made:

a. Materials

Temperatures to 900 F M-2 Tool Steel vs. M-2 Tool
Steel hardened to 58 RD

Temperatures to 1200 F Stellite Star J vs Stellite 19

Temperatures to 1400 F Titanium Carbide K 162B vs.
Itself

B 1t i ol g
(o IR

Pee————
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Materials ideally should be coated with a solid film lubricant
which will withstand that temperature range., (Silicate bonded

MoS

2 and the NASA fluoride performed satisfactorily; undoubtedly
others will too.)

The following pivots are recommended for design limits given:

Radius of Pivot Radfus of Socket Material Tgmp. Load
in, in, °F #
.125 .1625 M-2 Tool 900 32
Steel
.125 .1625 K162B Carbide 1400 8
.250 .375 M-2 Tool 900 52
Steel
K162B Carbide 1400 41
.375 .5625 M-2 Tool 900 66
Steel
K162B Carbide 1400 50
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V. ANALYSIS OF PAD MOTIONS

The purpose of this task has been to calculate the pitch, roll and yaw components
of the oscillations of the gas bearing pads, in response to rotor unbalance. To
this end, the analysis of the pad oscillations was made and introduced in the pre-
viously existing rovor response computer program (Ref. 9), so that the modified
program calculates the amplitudes of the pad oscillation, in addition to the whirl
amplitudes of the rotor. Calculations were then made using as a model the rotor
and tilting pad journal bearings of the NASA's Brayton Cycle axial flow turbocom-
pressor. The dynamic simulator of this rotating unit was at the time under test
at MII.

Calculation Procedure

The bearing pads are separated from the journal surface by a thin gas film. %The
pressure generated in the film by the rotation of the journal depends not only on
the speed and the gas viscosity but also on the whirling motion of the jouvnal.
This latter dependency may conveniently be expressed in terms of a set of spring
and damping coefficients which relate the generated dynamical forces to the ampli-
tudes and velocities of the journal. The coefficients are calculaéed from lubri-
cation theory as described in Appencix A. On this basis, a model of the rotor-
bearing-pad system can be set up where the flexible rotor is supported in bearings
represented by spring and damping coefficients, and each bearing pad is connected
with the journal through another set of spring and damping coefficients The sys-
tem is excited by the rotor unbalance forces. Thus, the motions of the bearing
pads are determined by a four step procedure: 1) calculate the spring and damping
coefficients for the fluid film of the bearing pads, 2) combine the pad coef-
ficients to obtain the resulting spring and damping coefficients for the complete
bearing, 3) calculate the rotor motion due to a specified rotor unbalance, and

4) calculate the corresponding mction of the pads.

To determine the gas film stiffness and damping consider a single pad which is
held fixed. With respect to the ceu*er of the pad, the journal center position

is defined through the polar coordinates eo and LR under static conditions, (see
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Fig. A-1). Under dynamic conditions the journal center whirls in an orbit around
the steady-state position. The coordinate system for this motion is a cartesian
coordinate system, with origin in the steady-state position with a £-axis parallel
to the load direction and with a T-axis perpendicular to the g-axis, see Fig. A-1l.
Thus, relative to the pad the journal center amplitudes are € and 7. The forces

Fg and Fn generated in the gas film by this motion can be expressed as:

x]
|

d€ _ - 41
Reqll - B

e = " Kee " By ac € dc
%

.. T C o4

n KneS = Bng ac ~ Emy" 7 By Ge

These equations assume that the motion is reasonably small. The four spring
coefficients, K;g’ K%n’ Kng, and Kﬂﬂ’ and the four damping ccefficients ng,
Bgn, Bn;’ and Bnﬂ’ are known when the steady-state operating conditions are

given. In other words, for fixed bearing dimensions, bearing load and lubri-
cant properties the coefficients depend only on the speed of the rotor. The
coefficients are calculated as Taylor series coefficients of the hydrodynamic

bearing film forces as shown in detail in Appendix 4.

Once the eight gas film coefficients have been determined for each of the four
bearing pads, they can be combined to yield similar coefficients representing
the complete tilting-pad bearing. Equation (1) is used in combining the pad
coefficients where, now, the journal amplitudes € and T define the relative
motion between the journal center and the pad center such that the pitch motion
of the pad and the radial motion of the pad on its flexure is included. In this
way eight new coefficieuts are obtaincd, valid for the complete bearing. If any
x-y coordinate system is introduced with the origin in the center of the bearing,
with the x-axis vertical and the y-axis horizontal, the journal center motion

can be defined by the amplitudes x and y. The corresponding dynamic forces

become:
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- dx _ . dy
F K x-B g K. y-B

(2)

dx dy
F = -K x-B <==_.K - B
y yx yx dt vy’ yy dt

where the K's are the four bearing spring coefficients and the B's are the four
bearing damping coefficients. They are calculated from the spring and damping

coefficients of the individual pads, and include the effect of pad inertia and

pad flexure as explained in detail in Appendix B.

With the 8 bearing coefficients known as defined by Equation (2), a rotor un-
balance response calculation can be performed. In this calculation the rotor

is represented by a series of mass points, simulating the mass distribution of
the actual rotor, and the mass points are connected by weightless shaft sections
which have the same stiffness as in the actual rotor. This way of simulating the
rotor for calculation purposes is the conventional one used in the Prohl method
(sometimes called the Holzer method for flexural vibrations) which is the method
employed in the present analysis. At the bearing locations this idealized rotor
model is supported by the 8 bearing coefficients, and the whole system is forced
to vibrate by the rotor unbalance. The calculations are performed on a digital
computer, and the details of the analysis and the computer program are given in
Reference 9. For the present purpose, the computer program in Reference 9 has
been revised to calculate automatically the 8 bearing coefficients based on the
gas film coefficients for the individual bearing pads as defined by the analysis
in Appendix B. The pad coefficients must be given as input to the program, and
they are obtained from a separate program which is based on the analysis given

in Appendix A.

The rotor response computer program calculates the journal amplitudes and the
slope of the whirling shaft at the bearings. Knowing these quantities, and the
dynamic coefficients for the bearing pads, the analysis in Appendix B can be
used to calculate the resulting motions of the individual bearing shoes. This

analysis is incorporated into the rotor response computer program.
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Each bearing pad has four degrees of freedom: a) the radial motion of the pad
on its flexure, b) the pitch motion of the pad around an axial axis through the
pivot, c) the roll motion of the pad around a tangential axis through the pivot,
and, d) the yaw motion of the pad around a radial axis through the pivot. The
rotor response computer program calculates the amplitudes of sbese motions. Thus,
by specifying a rotor unbalance, the program can be used to calculate the pad
motions as a function of rotor speed, and with these results it is possible to

establish a typical pad motion to be considered in the pivot performance tests.
Calculation of Pad Motions

Reference 10 describes in detail the analysis, design and experimental evaluation
of the dynamic simulator and its bearings. Figure 4, reproduced from Reference
10, shows the cross sectional view of the rotor. Its principal characteristics

ares

Material - Steel (heat treated AMS 6415F, AlSl 4343)

Rotor weight - 10.62 1bs.

Polar moment of inertia - 12.7 lb.in2

Transient moment of inertia (about c.g.) - 243 lb.in2

Location of centerline of the compressor end bearing - 1.42 inches*
Location of ¢.g. =~ 8.75 inches

Location of centerline of the turbine end bearing - 11.47 inches*

Total rotor length - 15.51 inches

The journal bearing characteristics used in the calculations were as tabulated

on the next page. The pad and its pivot are illustrated in Figure 5.

* Measured from the forward-most face of the thrust runner.
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No. 1 Bearing No. 2 Bearing

(compregsor end) (turbine end)

Diasmeter, inches 1.5 2.125
Length, inches 1.5 2.125
Machined, radial clearance*, inches 0.00135 0.00319
Set-up, radial clearence**, inches 0.000675 0.00158
Number of pads 4 4

Pad arc length, degrees 80 80

Pivot position (arc length from
leading edge to pivot centerline,
expressed as a fraction of the
pad arc length) 0.65 0.65

Pad weight, lbs. 0.14 0.21

P N L A N

This is the difference between the radius of curvature cof the pad and the
shaft radius.

In order to insure that all the bearing pads, including the ones in the
bearing half directly opposite from the direction of load, may form a con-
vergent wedge and generate hydrodynamic pressures, the bearing pads are
assembled so that their centers of curvature lie on a circle of radius

Ma#,  The radial clearance of the bearing at set-up is then: C_, = C_- a,
where C_ is the machined radial clearance. This is referred tg as p"pre-
loaded"* bearing, where the preload coefficients defined as: m = a/C_. In
the pad motion calculations reported here, the tabulated values of ghe set-
up clearance was used. In the simulator test program, however, it was
necessary to reduce set-up radial clearance of the turbine end bearing to
0.00068 inches to insure rotor-bearing stability over the complete speed
range as discussed in Reference 10. The larger, design objective value

of the turbine end bearing clearance tabulated above was nevertheless used,
as it will yield larger values of pad oscillation amplitudes than the one
used in the simulator tests.



mumuu.n«l‘
et

-23-

The two rigid body critical speeds of the drive rotor-bearings system occur at
about 20,000 and 30,000 rpm, while the third critical speed (flexural) is at
about 85,000 rpm*. The mode shapes at the two rigid body critical speeds are
shown in Figure 6, reproduced here from Reference 10. These mode shapes are
straight lines, as the two critical speeds are rigid body criticals. Note that
for this particular rotor-bearings system, the node point of the first critical
speed mode occurs very near the No. 1 bearing and that the node point of the
second critical speed mode occurs very near the No. 2 bearing. This character-
istic of the particular rotor-bearings system used in the pad motion calcula-
tions will be referred to again in discussing the calculated pad motions in the
pitch direction.

Using the pad motion calculation procedure described earlier and in Appendices
A and B of this section, the pad motions were calculated for the following con-
ditions.

Lubricant Argon at 400°F

Ambient Pressure: 12 psia

Speed Range: 10,000 to 60,000 rpm

Orientation: horizontal

Direction of Static Load Vector: midway
Unbalance Load: 0.01 oz.in. in the turbine plane

A horizontal orientation was used as this gives the largest pad motion ampli-
tudes, in the case of the pads located in the upper half of the bearing, i.e.,
the bearing half 180° away from the load direction. With a vertical rotor, the
amplitudes would be equal in all four pads.

The calculated pad motions are shown in Figures 7 through 10. Figures 7 and 8
are for the upper and lower pads respectively of the No. 1 bearing. Figures

9 and 10 are for the upper and lower pads respectively of the No. 2 bearing.

* 1In actual turbocompressor simulator, these rigid body critical speeds were
lowered to about 11,000 and 18,000 rpm by the use of flexure supports under
the pads, as described in Ref. 10. The third (flexural) critical speed is
not significantly changed by the use of pad support flexures.
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The calculated results in all cases show that the pad motion amplitudes peak at
the rotor-bearing system critical speeds and are limited in amplitude due to the
gas film damping. The gas film damping suppregses any individual pad gas film

resonances that may occur within the speed range that was investigated.

The pitch motions of the pads track the whirl orbit of the rotor in the bearing.
Since, as noted above (and as shown in Figure 6), the node point of the first
rigid body critical speed is very near the No. 1 bearing, the rotor whirl ampli-
tudes at this speed will be very small at the No. 1 bearing location. Thus, as
Figures 7 and 8 show, there is no peak in the pitch amplitude curve at this criti-
cal speed which occurs at about 20,000 rpm. There is, however, a peak at the
second critical speed which occurs at 20,000 rpm. Siwmilarly, as also noted ear-
lier and in Figure 6, the node point of the second critical speed occurs very
near the location of the No. 2 bearing. Accordingly, it would be expected that
the curve of the pitch motions for the No. 2 bearing pads would exhibit a peak
at the first critical speed (20,000 rpm), but not at the second critical speed
(30,000 rpm). This is in fact the case as illustrated in Figures 9 and 10.

The roll and yaw motions, on the other hand, will reflect the conical (angular)
motions of the shaft about the center plane of the bearing. Accordingly, the
roll and yaw oscillation amplitudes should exhibit peaks at both critical speeds,
in each bearing, as is shown in Figures 7 through 10.

Figures 7 through 10 indicate that the pitch oscillations are considerably larger
than either the roll or the yaw oscillations. The latter two asre of about the

same magnitude and are closely coupled, throughout the speed range.

Based on the calculations, it appears that oscillation amplitudes in pitch will
be about 1 to 1.5 milliradians at the system critical speeds. Gas bearing turbo-
machinery is normally designed to operate away from system critical speeds. Under
normal design conditions, therefore, the calculation results indicate that pitch
amplitudes will be of the order of 0.1 to 0.3 milliradians.

Roll and yaw oscillation amplitudes on the other hand are considerably smaller,

being of the order of .05 milliradians or less throughout if critical speeds are
avoided.
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V1. GEOMETRIC OPTIMIZATION OF CONCENTRATED CONTACTS FOR MINIMUM MICROSLIPS

It is a reasonable assumption that by changing the radius of curvature or other
variables that the amount of microslip in the slip region would change. It is
also a reasonable agsumption that the amount of wear and surfece damage will be

proportional to the amount of microslip.

Accordingly, an analytical investigation was conducted to calculate the amount
of microslip which occurs in curved contacts and also to determine that geometry
where microslip will be at a minimum. Results of this investigation are de-

scribed in the following sections.

1. Cursory Analysis

For bodies with axial symmetry and second order surfaces, Hertz-Mindlin theory
(1] applies. The simplest case is shown in Fig. lla in which L is the load
normal to the interface, T is the load tangent to the interface and R is the
radius of the identical pair of spherical surfaces in contact. Figure llb,
shows an enlargement of the contact area in which a is the radius of the con-
tact region, ¢ is the radius of the sub-region known as the locked region. The

remaining region is the slip region. p is a generic radius. For this classi-
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cal case, within classical contact theory, the f£ollowing formulae are applicable:

1/2
p o= 2k @- D) S
2ma
T 1/3
c = a(l - EE? )
3 - WL [ _!_2/3]1/2
6x = 8Ga 1-Q- fL) 3)

where p is the pressure distribution, 6x is the relative horizontal displacement
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between points, far removed from the contact zone, on the two bodies, L is the
total load, f is the static friction coefficient, v is Poisson's ratio, and G

is the shear modulus.

Using the dimensionless quantities:

2 8Gad
¢ > O 3(2 - y)fL °’

oY
[]
N
ti
t
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o jo
ol
L
o o
ol

FoL 4% - -2
T= ?E and Ts = st s

where Ts is that portion of T which is directly associated with sliépage, the

above formulae become:

. R

P= (-39 “)
. . 1/3

€= a-?m (5)
~ ~ 2/3 ~

5= 1-G-D ©s TgD. (6)

a
Since Ts by definition is S 2npfpdp, therefore carrying out the integration
c

and putting in dimensionless terms,

3/2
3/2 2/3
¥ = a-¢? -[1-(1-1‘) ] =?,‘x3/2 ©<3 <.

¥))
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Also from the last two of the set of three equations above,

L3 .
1-@-%) Wg¥ <D

¥ - (8)
1 ('5'x > 1)

Figure 12 shows a master plot of T, T; vs. 3; . That is, it shows, for each
value of 3;, thai portion of T which is directly associated with slippage. All

these quantities are in dimensionless meagures. of course.

It should be noted that T is the measure of the ratio of rolling to static fric-

tion, i.e., T/fL. Thus at T = 1 gross sliding will take place. Also, at T=.1,

approximately one-third of T is directly associated with slippage, etc. Figure
13 shows several sample geometries and their equivalent ones within the contact
theory. The equivalent ones are used so that the simple formulae above can be
used. The alternative method. though equivalent, would lead to more complicated
formulae. Now, since a ~.R1/3 according to Hertz theory, where R is the radius
of the contacting spheres used in the equivalent geometries for which the form-
ulae were derived, it can be said that

a, ~2.7 , a8, ~1.59 ,a, ~1,a ~ .91  a_~ .791 9)

1 2 3 * T4 -5

where 815 +os a5 refer to the five radii of curvature for the five cases shown

in Fig. 13. By definition, 3; = 86a5X/3(2 - vYfN; everything else being equal,
the geometrical difference, which causes a's to be different, affect 5x's for a
given T. This is so since for all levels of Tﬁs 1, 3; has a unique value ac-

cording to Fig. 11. This means, under this condition

(10)

O
t
0 -
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Therefore, combining equations (9) ard (10),

=1:1.7:2.7:3:3.5. (11)

Since 6x is proportional to slip, i.e., 6x is also proportional to the energy
dissipation by microslip, it can be seen that the first case is better thar the
second, etc., in the order arranged, insofar as dissipation due to microslip is
concerned. In this consideration, everything else is kept constant. This con-
clusion, moreover, is general, in that it is not dependent upon any fixed set of

values of f, L, v, G.

In the above, for spherical surfaces in contact, a semi-quantitative comparison
has been made of the geometries with regard to microslips without actually evalu-

ating the microslips.

2. Higher Order Surfaces in Contact

Since it is known that microslips do occur with second order surfaces (e.g.,
spherical surfaces) in contact, one natural question which arises in design is
what can be done geometrically to minimize microslips. To this end, an analysis
has been carried out to examine the contact of higher order surfaces, in par-
ticular fourth order surfaces (Appendix C). This analysis entailed a generaliz-
ation of the Hertz problem for fourth order paraboloical surfaces in contact.
Microslips and annulus of slip were sought. For this purpose, an inverse method
was devised. Based upon this analysis, which shows how the geometry can be op-
timized for miminum microslips, the following data for design are shown in sub-
sequent sections: Microslip data for spherical surfaces in contact; Optimized
shapes; Closing-in; Maximum pressures; Radius of contact area; Maximum microslip;

Computer program for the above.

The general analysis referred to above (Appendix C) is concerned with surfaces

of fourth order and the contact region which are ellipses. Spherical surfaces
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are, of course, gpecial cases. Using the theory and letting T be the ratio of
the applied traction T to the load L, the following microslip data for various

radii balls on socket are shown:

Fig. 14 - Microslip vs. Angular Position for 1/4'£‘Ball on Flat.

Fig. 15 - Microslip vs. Angular Position for 1/4" Ball on o Socket.
Fig. 16 - Microslip vs. Angular Position for 1/4'3'3811 on 3/4" Socket.
Fig. 17 - Microslip vs. Angular Position for 1/4'3'3311 on 1/2'£'80cket.
Fig. 18 - Microslip vs. Angular Position for 1/4"R Ball on 0.256"R Socket.

The number on the curves refers to 1/4, 1/2, 3/4 and the full distance between

-29-

the radii of the slip region. oy is the maximum Hertz pressure and bx as defined

earlier. The microslip in the transverse direction is several magnitudes lower
than those in the loading direction. Figure 19 shows the effect of equivalent

radius, Re, on maximum microslip, where

1

=)

L
2R, 2R

.
R
e
Rb and Rs are the radii of the ball and socket, respectively.

3. Optimized Shapes

Table 2 shows calculated, optimized shape data. Consider a ball with radius R

b
in a socket with radius Rs. Then using the equation C = 1/2R, the geometries
are:

_ 2 2
fb Cb(x +y)
_ 2 2
£, C (x" +y9)
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where fb and f.s are the distances, for a given (x,y), from the ball and socket
surface to the plane of the interface (an assumption of the classical contact
theory). The apparent geometry is given by
6+ 0
- - - - 2 2, o 8 2 2
fa = fb fs (Cb Cs)(x +y) ™ Ax"™ + y7)
wheze
A = 2"(Cb - cs)/(eb + 63)
and 1 - v 1l - Vo
% * & = ~¢ t* ¢
b s
The modified apparent geometry which includes fourth order terms is
6, +6
f| o= 28 [A(x2 + y2) + B(x4 + 2x2y2 + y4)].
m 2n
9b+9s 9b+es 6, +6 9b+9
Given (—?TT__) A, ( 7n ) B, may te found from a ( - ) B wvs (-——J'ZTr YA
6 +6 6, +6 6, +¢6 6, + 6
b 8 b s b s - b 8
graph (note that ( - ) B is negative). Note py- Ab + 7 As _z-n A.
6 + 6
There are an infinite numbcr of ways to break up 2 B , but only two are shown

below:

1. Modified ball-spherical cup:

6 +6¢6
fb(l) Cb(x2 + yz) + Lz'n—s' B(x4 + 2x2y2 + y2)

fs(l) Cs(x2 + yz).
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sy

2. Spherical ball-modified cup:

(2)
f

E‘Ilmm

2 2
= C "+ y )

Qb + Qs

4 2 2 4
2n B(x+2xy +y).

fb(z) = C, (x2 + yz) -

i a: R il |

The results in Table 2 are also plotted in Fig. 20. Figure 21 shows a typical

gt |

cross-section of ball and socket as modified. Originally, it was intended to
build and evaluate such a pivot combination; however, since the results of the

screening and long-term tests showed very little damage with simple shapes, this

st |

added complexity was not necessary.

A

4. Closing-In

gz The effect of the geometric parameter ° 2: ° A on the closing-in Bz for steel
. is shown in Fig. 22.

i,

B 5. Maximum Pressure

r o+

S Figure 23 shows the effect of the geometric parameter ~n A on the maximum
- pressure for steel. It is provided to aid in design. The maximum pressure of

the modified case is only some eight percent of the maximum pressure of the

ball-socket counterpart.

6. dius of Ccntact Area

: e + 6
: Figure 24 shows the effect of the geometric parameter o A on the radius

- of contact area for steel. It should be consulted to determine the extend of

é the modification, i.e. how large x and y may be before interference occurs be-

tween the two surfaces. Interference begins at a radius equal to approximately

should end at values of x and y which are within the interference circle, such as
1/2

) = 110 percent of the contact area radius.

E 120 percent of the radius of the contact area. Therefore, the modification
1E max

rapensioy H———
e [
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7. Maximum Microslip

Bb + 6
The chart for maximum microslip as a function of the geometric parameter -Tn—-a A
for steel is shown in Fig. 25. a»z/a1 = 0 is the case of Hertz-Mindlin and
ak/al = -1 is the optimized case.

8. Computer Program for Calculations Sampled Above

The program is written for an IBM 360 computer using Fortran IV language (see

Appendix D). The input variables are:

NQ = npumber of Q's

NAl = number of al's

NA2 = number of ratios a'Z/a1

MS = number of 7's

NT = control number for checking the size of A
AMIN = minimum size of A

AMAX = maximum size of A

Q = load in pounds

ARl = a;

A62 = aé/al

u = coefficient of friction
PR = Poisson's ratio
TAU = = = ghear force/normal force

The values for NQ, NAl, NA2 need no explanation other than NQ £ 10, NAl, NA2 < 100.
MS also acts as a control statement as well as providing the number of t's. If
MS = 0, the microslip and locked displacement will not be computed and will be
listed as zero in the output. Unless the microslip and locked displacemei:t are

absolutely necessary, it is urged that they not be computed because they increase
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the computation time by about 50 times. If 0 < MS < 10, then the microslip will
be computed. In order to eliminate unwanted output, and especially unnecessary
computation when MS ¥ 0, NT, AMIN and AMAX are provided to check the size of A.
Since values of B, maximum pressure, etc., are usually only wanted for a certain
range of A, the lower and upper limits of 4 are provided by AMIN and AMAX, re-
spectively. If NT > 1, the value of A will be checked to see if AMIN < A < AMAX.
If NT = 0, A will not be checked. The range of oy used for the graphs in this
paper is 103 <a < 106. The ratio a2/a1 = 0 corresponds to the simple Hertz
case of two concentric spheres and the ratio azlal = -1 yields the minimum slip
case. If °§/al = (0, then the maximum pressure is equal to o3 otherwise it is
given in the output under PMAX. U, PR and TAU are provided only if MS # O, other-

wise they are omitted.
The format information is as follows:

NQ, NAl, NA2, MS, NT, AMIN, AMAX - 5I5, 5X, 2Fl0.

Q's 6F10
Ael's 6E10
Ag2's 6F10
U, PR 6F10
TAU's 6F10

Note: AMIN and AMAX are required only if NT # O and U,PR and TAU's are required
only if MS # 0. '

The output headings are:

A = coefficient of second order terms in the apparent geometry function
which does not include the material constants

B = coefficient for fourth order terms

DEL = closing in (6b + 68)



PMAX
SMAX
UL
RAD
Al

A62

=35-

maximum pressure in the area of contact in psi (only if azlal $0)
2nG x maximum slip between the two bodies in 1lb./in.

2nG x displacement of locked region in 1lb./in.

radius of contact area in inches

@, (equals maximum pressure if az/al = 0)

aé/al
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Vii. MATERIALS AND LUBRICANTS SELECTION

There is very little published information to define the requirements for pivot
materials at high temperatures. However, since a pivot is primarily a rolling
contact the information based on rolling contact bearings can be used. The most

important of these material requirements are as follows:

A high yield strength at the maximum operating temperature (high hardness)
Dimensional stability

Corrosion resistance to the environment

Good sliding compatibility in the environment

Relative ease of fabrication to the desired configuration

o VM W N

Adequate shock resistance (thermal and mechanical)

Actually the requirements of high strength, corrosion resistance, and iock are
so limiting at temperatures to 1400°F that they are given primary consideration.
A number of surveys have been published (Reference ll to 14) on the status of

materials for rolling contacts. The most recent by Glaeser (12) makes the fol-

lowing recommendations.

Temperatures Material
900°F M-2, M-50, Tl Tool Steel
1400°F K-162B carbide
1600°F Stellite Star J, Stellite 19
2000°F o - Al,0,, Stabilized Zr0,

Bisson and Anderson (reference ll) recommend that the minimum hardness level of
rolling bearings be Rockwell C55. If the hardness level drops below this value,
an increase in the wear and a shortening of the fatigue life could be expected.
Since the stresses in bearings are generally higher than those used in pivots,

this value should be considered more of a goal than a requirement. On this basis,
SAE 52100 steel and 440 C stainless steel are recommended to 450°F. Tool steels
M1, M2, MIO and Tl are suitable to approximately 1000°F.
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In an Ajr Force program two tool steels were developed WB-49 and WACD-65 which
have better hot hardness than the M or T series tool steels at 1000°F. These
have proven to be satisfactory for certain applications but are not widely used

as yet (16).

In general, the M-series tool steels have been found to be satisfactory at tem-
peratures up to 800°F to 900°F. 1In the temperature range below 900°F there are
few reasons: to consider materials other than the M series tool steels. In Refer-
ence 15 rolling tests were run on potential high-temperature bearing materials,
both dry and lubricated with silane. In the unlubricated tests, Stellite and

440 C stainless were both inferior to Ml steel. A1203 and synthetic sapphire
gave high wear either lubricated or unlubricated. Of the M series tool steels
T5 and M2 showed the best hot hardness at 800°F (16). Stellite has been used to

B 1200°F. For higher temperatures there has been little experience., Titanium car-

Wik Wity
Bt

bide, hot and cold pressed Al ‘Zroz and a chrome carbide appear to be the

0,,

- most promising. Tungsten cariige can be used at high temperatures in an inert
environment but will oxidize rapialy in air at temperatures abcve 900°F. Thus
recommendations for material to be used above 1200°F are primarily based upon
the availability, reliability and experience with the materials and their fabri-

cation rather than experience of sliding an.: rolling behavior.

For the temperature range above 1000°F to 1200°F the Stellite materials seem most
appropriate. They have more ductility and are ecasier to fabricate than the car-
bides or ceramic but maintain higher hardness levels than the tool steels. It

would be desirable to use the Stellite to 1400°F to avoid the use of carbides if

possible. To do this it is necessary to select the materials with the maximum
high temperature hardness. Data from Reference 17 indicate that this would be

alloys 3, 19, Star J and 98 M-2 of the standard materials. Of these the standard
bearing materials have been Star J bal s and Stellite 3 races which have fouad

some success in marginal lubrication applications such as water. In high temper-
ature roller tests, Reference 18, Murray found that Star J, 3, and 19 gave gatis-

[~ factory performance to stresses of 300,000 psi and 1200°F. Further, Stellite 19

g appeared to be the most ductile member of the group. At high stresses to 500,000
psi the 19 alloy failed because of excessive deformation while the others cracked.
Stellite 19 was thus selected over Stellite 3. Star J was selected because it is

a standard ball material. Stellite 6B was added to include a wrought Stellite alloy.
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Although rolling tests and bearing tests have been run with the carbides and
ceramic at high temperatures, there is insufficient evidence to select materials
on that basis. Rather than that, the approach used was to select the conventional
materials for initial evaluation. There is considerable question whether such
materials can be used in a pivot which is subjected to shock loads. Since they
are difficult to fabricate they would be used only for those temperature ranges
where the metals are inadequate., The primary advantage of these types of materi-
als has been found to be effective (Reference 19) in a number of sliding applica-
tions. It was selected primarily on this basis. The ceramic material hot and

cold pressed Al were selected as those for which there has been maximum per-

203
formance in inert environment, (Refererce 20).

SAE 52100 and 440C stainless were selected for comparison purposes. A flame plated

tungsten carbide was also added since this is being used in a current pivot design.
The list of selected materials is shown in Table 3.

The effect of the lubricant and the life of the lubricant in a pivot application
is difficult to estimate since the number of cycles is far beyond the life of the
films in pure sliding contact. Data is not available on pure rolling contacts.

1f we assume that the life of the film will be determinid by the microslip in the
area of contact then the lubricant film would be only considered as a 'break in"
film. 1In this program this approach was taken. Consideration was given primarily
to selecting the materials which would operate unlubricated. The lubricant would
be added to extend the life.

A review was made of the high temperature solid lubricants which could be used
for various temperature ranges (References 21 to 28). The candidates are shown
in Table 4.
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Temperature
Range
80 - 450°F
80 - 800°F
80 - 1100°F
80 - 1200°F
80 - 9S00°F
Air
80 - 1200°F
Argon
80 - 1600°F
80 - 1800°F
80 -~ 1800°F
80 - 1800°F
80 - 450°F
80 - 1000°F

IABLE 3
MATERIALS
Ball
Materisl Hardnegs
52100 Steel 59-61 RC
M-2 Tool Steel 60-62 RC
Stellite 59-62 RC
Star J
Stellite 59-62 RC
Star J

Kennametal . K196

(Tuagsten carbide
+ Co-binder)

Kennametal 162B
(Titanium carbide
+ Ni Binder)

Cold Presgsed

A1203

Hot Pressed

A1203

Hot Pregsed

A1203

440 C Stainless
Steel

Kennametal K196

91 RA

89 RA

80 R,sy

80 R, sn

91RA

ock terial

Same as Ball
Same as Ball
Stellite 19

Carboloy 608
(Chromium
carbide + Ni
Binder)

Same as Ball

Same as Ball

Same as Ball

Carboloy Ce-
mented Oxide

Hot Pressed

AIZO3

440 C Stainless
Steel

Flame
LINW4GO

Herdness
Same as Ball

Same as Ball
56-58 RC

70 RC

Same as Balil

Same as Ball

Same as Ball

90 RA

Same as Ball

Same as Ball
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Lubricant

M082

Resin Bonded Mos2

Silicate Bonded Mosz

Metal Bonded M082

WSZ

Cd0 + Graphite
PbO

PbO SiO2

Ceramic Bonded CaF2

AgPb Alloy

PbMoOa

Glasses

Temperature Range F

Aixr Inert

750 1200
600 600
800 1200
800 ----
800 > MoS
800 1400
1200 1200
1250 1250

500 - 1400 500
600 - 1400 600
1000 - 1400 1000

1000 - 1400 1000

1400
1400
1400

1400
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The following lubricant films were selected based upon known lubricating proper-

ties and the availability of reliable means of application; preference was given

to lubricant films which would be suitable in both air and argon environments

and suitable on both metal and ceramic specimens:

A, lst Choice
1400°F Ceramic Bonded CaF2
1200°F Pbsm2
800°F Silicate Bonded BoS2
600°F Resin Bonded Mo$

2

Other

Agkd, PbMoO,

PbO

Silicated Bonded Graphite
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VIII. _TEST RIGS

1. Requirements

In order to adequately evaluate the effect of pivot motions it was mecessary to
construct an apparatus which simulated the pad motions and conditions. This
meant a rig which would hold a ball and a socket and impose a rotary motion
between the two in three orthogonal axes; that is pitch, roll and yaw (Figure
26). The necessary operating conditions are given in Section III, "program
Scope". These conditions imposed some difficult design problems. They are

discussed in the following sections.

A diagrammatic sketch of the resulting test rig is shown in Figure 27. Essen-
tially it consists of a rigidly held ball. The socket is mounted on the flat
face of a spherical seat. In operation the spherical seat is floated on a gas
bearing. Motion is imparted to the spherical seat by means of a pendulum at
its base. This is driven by three electromagnetic drivers shown in Figure 29.
This test device is described in greater detail in a later section. Six of

these test rigs were constructed and used during the test program.

A second rig was designed during the course of this program. It was intended
that it be used for the study in subsequent probrams of the effects of dynamic

and shock loading.

A sketch of this rig is shown in Figure 28  [Essentially it uses the same test
specimens as the previous test rig. The important feature of the rig is that
the desired motions are separated into two different dynamic components, pitch

and dynamic load. The pitch motion is provided by angular oscillation of a

-42-
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preloaded rigid rocking bar supported on knife edges. The other motion con-
sists of direct loading coupled with reciprccating dynamic loading on an axis
at right angles to the pitch motion axis. The steady load is applied by pneu-
matic means. A shock load or alternating dynamic load is applied by a commer-
cial electromagnetic drive. The temperature and other requirements conform

to those specified for the present test device.

2. Design Approaches

In the design of the pivot-fretting test rig, some difficult problems were
encountered. These are discussed in the following sections. A more detailed

design analysis is given in Appendix E.

a. Drive Systems

In the preliminary design study, several methods of driving the lower test
specimen at high frequency and small amplitude motions were reviewed. Two
were considered to offer the best potential solutions, pneumatic drives and

electromagnetic drives.

The penumatic drive represented a mew concept based on gas bearing technology.
The drive consisted of establishing a pair of opposed hydrostatic gas bearing
thrust pads on either side of the lever arm for each axis of motion and achiev-

ing a condition of controlled pneumatic hammer.

The advantages of this sys*em include the following:

1. Drives can be completely contained in the heated tests zone of the
rig with the only drive energy requirement being a supply pf pre-

heated and pressurized gas.

2. Since no mechanical drive linkages are involved there is a maximum

freedom for establishing pure multiple motions.

-43-
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Because of the newness of the concept. a room temperature demonstration model

of the basic drive principle was built.

This model demonstrated that while the motions and amplitudes could be achieved,
extensive dcveiopment would be nacessary in order to resolve the following prob-

lem areas:
1. Excessive drive gas flow

2. Control of amplitudes of motion. which could only be achieved by the

use of mechanical end stops.

3. Mechanical stops represented a material selection and wear problem for
long term testing particularly at high temperature and influenced the

form of motion achieved since a bounce occurred at each contact.

4. The motions would change as the specimen friction increased as a re-

sult of damage.

In order to apply electromagnetic drives the following major factors had to be

considered:
1. The availability of a suitable driver

2. The drives would have to be located outside of the test zone of the

rig because of the high test temperature involved.

3. The linkage system between the drives and lower specimen would have
to penetrate the furnace, would have to be of light weight, would

have to be non-sensitive to distortion effects and be suitable for

permitting the three motions required without undesirable interactions.



-45-

A careful survey was made of commercially available vibration generators and
vibration table drives. It was found that reasonably sized units had inadequate
output at the high frequencies. This was mainly because of the inherent internal
mass of the machines which gbsothed a portion of the available power. Drives of
adequate power output were extremely bulky and presented problems of interference

when for example three units had to be mounted in close proximity beneath the rig.

N
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More remote mounting involved long heavy linkages with their several problems.

The fundamental requirement for the drive was that the smallest size unit was
needed with the largest possible ratio of power output to internal mass. The
only pieces of equipment which would meet this requirement were high powered
speaker drives such as used in horns. In these devices the only internal mov-
ing parts necessary for functional performance are a plastic diaphragm and a

light-weight coil.
Consideration was given to several models of different design and power output

Tests were conducted to verify its applicability in the test rig drive system.
In these tests, a series of simulated loads representative of the linkage and
specimen reaction forces were achieved by cementing weights to the diaphragm.

Figure E~4 of Appendix E shows some typical performance curves.

These performance curves were correlated with the minimum linkage masses that

could be designed for the requirements as is discussed under driver performance.

On the basis of these studies and tests it was decided to proceed using the

electromagnetic drives of the speaker unit type.

b. Specimen Support

Because of the small amount of motion it was necessary to hold one specimen
rigid and to move the second. A simpler design would result if the ball was
held stationary. Accordingly the upper ball specimen support assembly is
rigidly positioned in all radial directions but has axial freedom for the



application of the test load. The system uses two well spaced thin circular
diaphragm plates with very high radial stiffness and low axial stiffness to
support the upper specimen shaft assembly. (See Figure 27),

¢. Drive Linkages

A lightweight linkage system was necessary in order to obtain adequate motions
(see Figure 29) which consisted of a thin walled aluminum cone made by spinning
which was cemented directly to the diaphragm and a light aluminum horizontal
push rod connecting to a thin steel horizontal push-rod. The steel rod oper-
ates in the hotter zone at the extremity of a hemispherical gas bearing spec-
imen support member. The thin steel push-rod provides the transverse flexi-

bility necessary for the motions imposed in other planes.

Recognizing that the electromagnetic drives were not designed for this type of
application, that consistency between these commercial units was an unknown

and that their capability of extended continuous operation was also an unknown,
it was decided that a study of the possibility of operating the driver and
linkage close to resonance should be undertaken. Operating close to resonance
had the potential advantages of reducing the power output required and internal

heating of the drivers.

Resonance was to be achieved by building an adjustable spring in the lower hor- .
izontal linkage. A convenient design solution was to make the flexure support

bearing act as this spring. A detailed Design Analysis is given in Appendix E.

The motion is imposed on the lower specimen holder. This holder must provide
accurate positioning with negligible friction and no wear while being subjected
to high frequency pitch, roll and yaw motions. The ideal solution to this prob-
lem was to support the specimen on a hemispherical gas bearing of high radial
stiffness,so this approach was adopted. The design of this bearing is given

in Appendix E . 1
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d. Thermal Control

Heating of the test specimen followed the conventional procedure of providing a
group of controllable high wattage cartridge heaters in the rig housings and of
preheating incoming environmental and gas bearing gases. Containment of the

heat is assisted by external high temperature insulating material.

It is essential that the lower drive linkages and electromagnetic drives be at
a temperature as close to room temperature as possible. This means that a tem-

perature gradient of about 13002° may exist at the lower zone of the rig.

This temperature gradient was effectively achieved with the minimum of thermal
distortion by a combination of high temperature insulating materials and a cop-
per shunt taking heat to a water cooled ring at the lower and surface of the

rig. Provisions were also included for local air cooling.

Thermal expansion differences between the heated test rig and the cold base plate
which supports both the rig and the three electromagnetic drivers could affect
. the test motions. This problem was solved by providing a suprort structure be-
tween the rig and base plate very close to the vertical centerline in which all
thermal growths in the horizontal plane are radial. The drive linkage settings

are made when the selected test temperature condition has been achieved.

e. Sealing

A condition of testing is that the specimens be operated in a closely controlled
atmospheric environment such as argon, without any possibility of contamination

from the external gases or gas bearing exhaust.
Consideration was given to positive seals such as a bellows connecting the upper
specimen holder to the lower dynamic specimen holder. Problems of temperature,

fatigue life of the bellows and drive power showed this to be impractical.

The design accepted was a staggered type of radial labyrinth seal set to the
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minimum practical clearance. Details of the analysis of the labyrinth are given
in Appendix E.

The feed supply of the environmental gas into the test zone was injected between
the two support diaphragms and through the vertical specimen support shaft. Oper
ationa. experience has established the minimum pressure difference and flow nec-

essary for satisfactory environmental testing and conservation of gas supply.

f. Specimen Retention

Retention of specimens under very high frequency excitation and over a range of
temperatures represents a classical problem. This is particularly true if one
of the specimens is a precise, highly finished ball and materials of varying

thermal expansion rates are involved.

The lower specimen which {8 in the basic form-of a flat disk is mounted with
a high interference fit into a small specimen holder which has a thread shaft
extension. This shaft extension screws into a high temperature self-locking

insert.

The more difficult problem is locking the ball. The technique used varies
depending on whether the ball is made of high or low expansion rate material.
The specimen holding cover is provided with a conical seat for accurately
locating the lower portion of the ball. Tightening of the cover loads the
ball against an upper Stellite block. In the case of a high expansion rate
material specimen, the spring tension in the cover plus the matching thermal
expansion rates will maintain a clamping force on the ball with changing tem-
perature. For low expansion rate material specimens an additional spring
washer plate is put in series with the Stellite block in order to maintain
the clamping action.

As an extra precaution and for extended testing at temperatures where metal
creep might relax the clamping action, an anti rotation flat is ground to

provide a side surface on the ball and is engaged by a smell set screw through

48~
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the wall of the cover.

3. Degcription of Tegt Rig

A schematic diagram ~f the zest rig is shown in Figure 27 A photograph of the
test rig is shown in Figure 30 and of the overall system for two rigs in Figure
31 The panel control system is shown in Figure 32. The test rig provides the
mountings for a ball loaded against a flat. sockz* or cylindrical lower specimen.
A photograph of the test specimens is shown in Figure 33  The lower specimen
and its holder are screwed into a sphericsl seat. This seat rests in the base
socket which is floated as a gas bearing. A pendulum at the bottom is driven

to impart rocking motions to the bottom specimen about the circumference of the
ball. At the base of the pendulum is a flat plate. Connected to this plate are
three 75 watt electromagnetic drivers (as shown in Figure 29) whose outputs are
combined to obtain pitch, yaw and roll motions. For driver 1 and 2 *out of phase"
180° pure pitch will be obtained. If they are ‘out of phase" with a different
amplitude some yaw will be introducad. 1If drivers 1 and 2 are "in phase' pure
yaw will be obtained. Roll about an axis 90’ to the pitch motion is introduced
by driver 3. It can be "in phase’ or'out of phase’ with the pitch mction  If

it is "in phase’ the direction of pitch is merely shifted through some angle.

1f it is "out of phase' a rolling motion is obtained about the contact point on
the ball. For these tests the roll driver was always used "out of phase’ to

simulate the bearing motion.

The ball is held rigidly in a holder which is mounted on the hottom of a hollow
rod. The rod is held in place by two diaphragms These diaphragms prevent lat-
eral motion of the ball but are thin enough to allow for radial or vertical
motion. A load is applied to the top of this rod with air pressure into a bellows

section.

The test specimens atmosphere is contained by two labyrinths with a ten mil
clearance. Argon admitted tc the top of the rig passes the heaters and entecs
the hollow specimens rod by a series of passages. From here it passes across

the specimens and out through the labyrinth. A positive pressure prevents the
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back flow of air into the specimen area.

Eight cartridge heaters which allow heating the rig to 1400°F are mounted in
the rig housing. The temperature of the rig is controlled by a thermocouple
next to tlie heaters; the specimen temperature is measured by a thermocouple

mounted on the labyrinth.

Air is supplied to the gas bearing after passing by the cartridge heaters.
This insures uniform temperatures throughout the rig necessary to maintain
the small clearance in the gas bearing. The gus pressure from the bearing

is exhausted to atmosphere.

Insulation surrounds the outside of the rig to further insure uniform temper-
ature. The test rig is also mounted on a base plate which contains a water

jacket. This protects the drivers from the rig heat.

In all, six such rigs were constructed for running the tests. In addition a
number of auxiliary systems were necessary. These are described in the fol-

lowing section.

The primary measurements made upon the specimens are wear and surface damage.
The wear is measured with a capacitance probe by measuring the position of the
load stem as a function of time. However, in these experiments the wear was
generaliy negligible so the results are presented as observed surface damage

or Talysurf traces after a given period of running. An indication of surface
damage is also obtained by monitoring the motions with the probes at the base
of the pendulum. With undamaged specimens a smooth sine wave is obtained on
the scope. If damage results this trace becomes distorted with frequent shifts
in the amplitude. .

4, %gil;arx Systems and Ingtrumentation

The gas system is shown in Figure 34. Essentially it consists of s supply line

from an air compressor and from an eight bottle argon manifold. The air is used

-50
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for the load bellows and the gas bearing. The argon is used as ~n atmosphere
blanket for the specimens. The air is filtered in a commercial 5 microinch
filter which removes moisture and other impurities. From the filters which

are part of the test system the air is piped to the rigs. An auxiliary standby

system of N, is provided to protect the rig in case of a loss of gas pressure.

2
Three air and three argon lines each shared by two rigs are heated by passing
them through a coil inside a tubular furnace. The air for the loading system

is not heated since the flow to the load bellows is very small.

For all tests the commercially pure argon was used. An analysis of the gas is
given in Table 5. Some initial tests were run in high purity argon. Since
the results were essentially the same as the commercially pure argon the latter

was used because of its availability and lower cost.

TABLE 5
SPECIFICATION NO. 1.-108

PRODUCT Argon
PHYSICAL STATE Argon gas, A.
GUARANTEED MiNINUM PURITY 99.998 percent
TYPICAL PURITY 99.999 percent
NORMAL DEWPOINT Below - 90°F (less than 5 ppm moisture
by volume)
MUM IMPURITIES Oxygen¢5 ppm by volume

Nitrogen<l0 ppm by volume

The heating system for the gas and test rigs are shown in Figure 35, The test
rig contains 6 cartridge hesters. Three from each rig are connected to & sep-
arate 100 volt variac. The three gas heaters are each heated with a 220 volt
variac. Also shown is the time contact system which will shut the rig off at
the desired time. This was used primarily in the screening tests where it was
necessary to shut the tests off at 5 A.M.
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The temperature measurement and recording system is also shown in Figure 35. The
gas temperature and the test temperature are continuously recorded throughout the
test. Temperature is controlled by a thermocouple near the heater elements to

prevent large temperature cycling. Actually by calibration and by experience the
variac settings were found which maintained the desired temperature. The heaters

rarely cycled on or off.

The most important system is. of course. that used to obtain the desired motions
and to measure them. The complete system i: showrn in Figure 36. The system con-
sists of two oscillators, which can be set at any frequency. For these tests two
frequencies were used, 1000 cps and 200 cps. The desired frequency could be se-

lected with the proper switching device.

Three 75 watt amplifiers were used for each rig, one for each driver. Two phase

shifters were also used for one pitch amplifier and one for a roll amplifier.

In order to determine and ad just the motions three 10 mil capacitance probes were
mounted, one opposite each probe. These probes were connected to an oscilloscope

on the panel board to monitor motions.

All variations of the motions could be detected by combining any two of the probes
on the x, y of the scope. Typical patterns for the various motions are shown in
Figure 37 . Pure pitch motion is detected by monitoring probes Xy and X, First,
equal amplitudes are set on each driver. If they are "in phase’ the motion will
be as shown in trace 1A. The angle o then would equal 45°. For pure yaw 3A and
3B the same pattern is obtained but shifted 90° into the first quadrant. Any
combination of’g}tch and yaw 4A, will also give a similar pattern with an angle

B somewhere in gétween the pitch and yaw pattern. In each of these cases pattern

B remains the same showing x, varying with ¥y constant. The most significant

1
pattern is that of a 7A and B since this is the test condition. 7A shows that
there is a combination of pitch and yaw; 7B shows an ellipse. The Yy direction
indicates the amount of roll the x, direction indicates the amount of pitch at

1
that end of the driver.



-53-

The important fact to note is that for =ach type of motion a unique pattern exists

which can be readily 1identified.

. Test Rig Calibrations

After the test rigs were set up a number of calibrations were necessary to test

the rig performance. These calibrations are described in the following sections.

The most critical part of the rig was the gas bearing. The two surfaces were
lapped together. assembled in the test rig, and the gas flow determined at a
given load. This was repeated until further lapping produced no further decrease
in flow. The winimum film thickness Was desired to minimize the gas usage but
primarily to obtain the maximum bearing stiffness. Once this had been accom-
plished the bearings were calibrated by measuring bearing lift for a given amount
of preload. To obtain this data only the bas2 of the apparatus was used. A
capacitance probe was mounted at the center of the spherical socket and the bear-
ing lift determined for at various pressures. The data obtained for 25 pounds for
rig one is shown in Figure 38 It can be seen that in the low pressure region
there is a linear relationship between lnad and 1it. Then at a given pressure,
in this case 75 psi. there was a large increase to lift. Thereafter the relation-
ship again became linear. It was determined that there was still contact below

75 psi, therefore, it would be necessary to operate with a lift of approximately
.001 inch. The reason for this behavior could not be exactly determined, however,
it was felt to be due to the small inaccuracies in the conformity of the ball and
the socket. The bearing lift cutves for Rigs 1 and 2 for various preloads are
shown in Figures 39 and 40. It can be seen that in all cases the behavior is
essentially the same. These curves then established the pressure necessary to
float the bearing for a given load. Usually, however, it was not necessary to
refer to such curves since the large increase in lift made audible changes in the

gas flow pattern.

The remaining four rigs did not have the same characteristic behavicr. Because
of the improved lapping procedures much closer tolerances could be held between

the seat and the socket. As a result the linasr portion of the lift pressifte .-
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curve was shifted from the starting point of 80 psi and 1.0 mil to 50 psi and
.1 mil. A typical curve is shown in Figure 4l . This behavior allowed these

rigs to be operated at a much smaller film thickness.

It was also necessary to calibrate the load bellows on the test rigs. To do
this several methods were tried; two ware successful. The primary method used
was with dead weights. To do this the rig was turned upside down as shown

below: W

‘\\\Bellows

A dial indicator was placed on the labyrinth at point D. The gas pressure was
determined which would give a positive indication of motion. The amount of
motion was. noted. A given weight was then added to the top of the labyrinth
and the pressure determined to bring the indicator to the same reading. Using
this method the six were calibrated as shown in Figure 42. The differences

in the calibration of Rigs 1 and 2 and the remainder reflect small modifica-

tions made in the design of the rig.

Another check of the load was carried out by a different method illustrated

below. jl-ij
B\

1-'*:.'obe"/‘"‘:l

J W (Preload)
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With the bearing floating two forces act in opposition to the gas pressure, the
load pressure ¥ and the preload W To maintain the same position as indicated
by a probeﬁon the bottom of the penduium any decrease in W must be balanced by
an increase in P. Thus a direct calibration can be obtained. Calibration checks

using this method gave essentially the same results as previously shown.

Considerable attention was given to the motion of the spherical socket in the
design and calibration of the test rig. The center of the specimen was to be
placed at the exact center of the spherical socket; this would insure a pure
rolling motion about the ball specimen. Secondly, the bearing was designed to
be extremely stiff to minimize radial motions. It was found that with the
bearings floating with the correct lift that the lateral clearance was of the
order of .2 mils. Particular attention was also given to the thermal expansions

in order that aligument be maintained.

It was desired to obtain a system which gave independent motions in pitch, roll,
and yaw; that yielded no motions perpendicular to the plane of the specimens,
whose pivot point in yaw was at the center of the contact area, and which had a
common axis, for both the top half of the rig containing the ball specimen and
the bottom half containing the flat specimens. Actually these conditions were

closely approached with two limitations:

1. The alignment would change due to wear and distortion to high temper-

atures.

2. The push rods added stiffness to the system and some combinations of

motion were difficult to obtain.

Ideally, it would be desirable to measure the motions inside the rig; this,
however, was impossible because of space limitations and because of the high
temperatures. Accordingly, it was necessary to check the motions inside the

rig to compare with those measured on the pendulum.

Initially only the pitch and yaw drivers were used on the 200 cps calibration
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tests. The calibration curve and the location of the probes is shown in Figure
43. These experiments were carried out with only the bottom half of the test
rig. This method had some limitation in that the stability of the seat was de-
pendent to a large extent upon the friction of the specimens. However, an inde-
pendent loading system was devised which simulated this condition. In Figure

43 is shown two input pitch motions at D and D'. The two lines represent what
this motion should be at different distances from the pivot point 0. Probes
were placed at positions A, A', B, B', and (1) and (2). 1In one case shown here
the input motions were 1.76 wmils on one driver and 1.8 mils on the other driver.
At A and A' motions of .84 were obtained which was essentially the same as that
of .86 which would be expected based upon the lever arm distanca of .9". No

motion could be detected at B and B' in the roll direction.

In order to dgﬁgrmine if the spherical socket was pivoting about the center
measurements were taken at positions (1) and (2). If motion was pivoting, that
at (1) should be less than that at (2). If horizontal motion resulted then (1)
and (2) should be equal. As shown in Figure 43, the motions indicate pivoting
and the amount is what would be expected based upon the lever arm distance.

Thus for two input amplitudes the motions are reproduced at the pivot point.

For yaw motions a different arrangement was necessary as shown below:

Upper Probe

D Lower Probe Driver D

D' Driver Lower Probe D'

Upper Probe

Here two small flags were placed in positions A and A' of Figure 43 end observed
perpendicukfr to the line of pitch motion. These probes should give the magnitude
of the motion and should be 180° out of phase for yaw motion. The following table

shows the motions which were measured in this series of calibrations.
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YAW MOTIONS
D D'
Input Input Predicted Motion Measured Motion
1.6 mil 2.1 mil 4.3 mil 3.9 mil
.7 mil .7 mil 1.7 mil 1.5 mil
.5 mil .6 mil 1.2 mil 1.0 mil

It can be seen that the yaw motions are also reproduced within the accuracy

of the measuring techniques.

The calibration at 1000 cps was much more difficult to do because any additional
flags added to detect motion, reduced or modified the overall motion. Furthermore
unless extreme care was taken the flags themselves would vibrate and give errone-
ous data. Care also had to be taken that the probes themselves were not in reson-
ance or in motion. Here a series of experiments was run to obtain the desired
information. In this case all three drivers were connected and the drive system

points epoxied in place.

For the pitch and roll motions measurements were taken at the points A and B

shown in Figure 43. These data are shown below. The input motions Dl’ D2 and

D3 are the motions at the base of the pendulum for each driver.

1000 CPs PITCH AND ROLL MOTION

Input (mil) Predicted (mil) Measured (mil)
Dl D2 D3 A B A B
1.5 1.4 0 .62 0 .70
3.2 2.2 0 1.15 0 1.1 0
4.4 3.4 0 1.67 0 1.8 .1
0 0 7 .30 30
0 0 .4 .16 20 '
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These calibrations were run with a 20 pound preload on the spherical seat and a
3 pound load on the pivot position. Thus the average total load on the bearing
is essentially the seme as in the tests. In the tests a 5 pound preload is usec
with a load of 15 to 30 pounds; the standard condition being 15 pounds. Thus it
can be seen that the pitch motions and roll motions induced by the drivers are

reproduced at the pivot.

In the 1000 cps tests the yaw motion is applied in conjunction with the pitch

motion by setting different amplitudes on D, and D2, the two pitch drivers. Meas-

urements were taken in the same way as thatldescribed for the 200 cps tests. That
is with two flags mounted on the surface of the spherical seat on an axis parallel
to the pitch motion. Motion is observed 90° to the pitch. Photographé of the
scope traces of the driver probes and the measurement probes are shown in Figures
44 and 45. The input motions are apparently sine waves, slightly out of phase

of amplitudes 2.9 mil and 1.7 mils. The output motions are distorted waves of
amplitudes .16 and .10 mil and "in phase". The phase relationships are correct
in prediction of yaw however, the amplitude measured is much smaller than would
be predicted if the straight lever arm relationship held. If this were so a 1.2
mil difference in amplitude should give a 1.2 mil motion at a distance of .75 in.
rather than the .16 and .10 mil measured. Studies of the motions at various
frequencies indicated that the yaw motion was reproduced up to a frequency of 350
cps where it went through a resonance peak; thereafter the amplitude of yaw de-
creased. Thus the loss of yaw motion was due to operating above the natural
frequency of pendulum in torsion. Therefore it was necessary to calibrate for
the vaw motion. This calibration of the yaw motion is shown in Figure 46 for
200 cps and 1000 cps.

Thus it was establighed that the input motions on the pendulum were reproduced
above except for the 1000 cps yaw condition. Here it was necessary to calibrate

to obtain the correct amplitude of motion.

It was also desired to know the nature of the yaw motion. To determine this a
plot was made of the motion of the bottom pendulum plete from the photographs of
the two scope traces of the pitch shown in Figure 44. By plotting the position



of each end of the plate at the same time the motion could be determined. A
graph of the motion is shown in Figure 47 for an amplitude of 3 mil on one driver

and 2 mil on the other driver.

In the figure the dotted line represents the motion in one direction and the
solid lines motion in the other. It can be seen that the yaw is not continuous
throughout the cycle but comes primarily at the end of the cycle in each direc-
tion. The reason for this behavior has not been firmly established but is
probably due to the fact that the roll driver gives some restraint to the system.
However, the important fact is that the yasw motion is present and it has been
found that this motion is transmitted to the contact surface of the spherical

socket.

6.. Test Procedure

Essentially the same procedure was used for running all the screening tests.
The specimens were made to finished dimensions; dresings of the specimens are
shown in Figure 48 and 49. Immediately prior to the test the flat specimen
was pressed into the holder. The specimen holder, the flat specimen and the
ball were then cleaned according to the procedure gpecified in Table 6., They
were then placed in the apparatus and fastened gecurely. A five pound preload
was added and the bearing floated with the desired gas pressure based upon the
total load. It was generally set to give a bearing lift of .3 to .5 mil with
the combined load and preload. This would mean that the clearance would be
gsomething less than .2 mil. The .3 mil would be the clearance change at the
bottom of the socket; on the side the clearance would not change. Since the
bearing is supported at the bottom the lift could be close to the actual clear-
ance change. The argon atmosphere was tHen introduced and the temperature

controller set to the desired level.

When the temperature had stabilized the desired motions were set on the pendulum.
This was done by increasing the power gradually to both drivers until the correct
pitch and yaw motions were obtained. The yaw motion was determined by the dif-
ference in amplitude of the two drivers; the average of the motion of the two
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TABLE ¢
NASA SPECIFIED

CLEANING PROCEDURES

Thoroughly solvent clean the metal surfaces by alternately szrubbing with a
solvent-soaked soft cloth and rinsing with a stream of solvent. Repeat pro-
cedure with alcohol, then acetone. Avoid the halogenated solvents commonly
used in degreasers except as possibly a first step to remove heavy oil or
grease. (Hot halogenated solvents can leave residue films that may inter-
fere more with friction measurements than the original contaminants.

Polish with a paste of water and levigated alumina (very fine polishing
grade of aluminum oxide) on a soft cloth. Rinse and repeat several times
using a clean area cf cloth each time. Final rinse should be with distilled
water.

During final rinse, specimen should pass the "water-wet" test. The distilled
water should form a thin film over the entire metal surface. If it does not
wet (pulls away from) any area (especially edges) of the spacimen, alumina
polishing followed by rinsing must be repeated until complete surface is wet-
table with distilled water.

Drying may be hastened by blotting the surface with filter paper or by using
warm water prior to the final distilled water rinse. The latter method warms
the metal surface and promotes rapid evaporation. It is important that dis-
tilled water be used in final rinse to avoid formation of water "marks" of
mineral deposits on the polished metal.

1f specimens are stored after cleaning, they should be kept in an evapdrated
chamber such as ‘a vacuum desiccator.

General Note:

Contamination with oils from the hands must be avoided by wearing rubber
gloves or by handling specimen only with tongs. (0ils from the ckin are
highly polar organic materials that are strongly absorbed on metal
surfaces.)
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dcivers determined the pitch. After these motions were set the roll motion was
increased to the desired level. The test was then run for a period of 12 hours.
It was started at approximately 4 P.M., the motions monitored til 5 P.M. and then
run until 4 A.M., where it was timed to shut down. The automatic shut down
stopped the motions and turned off the heaters. The argon flow was maintained
and manually shut off when temperatures reached approximately 200°F. The test
rig was then disassembled; the specimens removed and incpected for damage. Photo-
graphs were made of the specimens to indicste the damaged areas. I1f there were
no damage the specimens were set sside for reuse after relapping; if there were

damage they were reground to a depth of 10 mils if reused.

When the tests using shaped sockets were run it was necessary to insure alignment, .
This had been,of course, not critical with the ball on flat combination. 1t was
found that with time of operation, at high temperatures, certain distortions and
wear would take place which would modify the original alignment. Thus it was
necessary to find a method to align each test immediately prior to each run.
Several methods were attempted. The one found most suitable was to mount a gage
in the top of the rig which could detect the vertical displacement of “he ball
holder and stem. The bearing was floated and the load applied. By moving the
top half of the rig the point of optimum alignment could be easily detected as
the lowest point in the indicator as the ball rested lower in cthe socket. The
rig halves were then bolted in this position. This technique also allowed the
load to be calibrated for each test. This method will not eliminate tiiermal
distortions; however, the rig was deaignod to minimize this effect. Although
considerable effort has been expended to align the specimens there is no assur-
ance that such alignment will take place in an actual tilting-pad pivot. For
other tests longer running times were used; the set-up procedure however remsined.

the same. Monitoring of these tests was done geveral times a day.
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IX. OQUTLINE OF RESULTS

During the course of this investigation a large number of tests were run. A
complete list of the tests is given in Table 7. They have been divided into

the following categories:

SECTION TEST PURPOSE TIME(hrs
X Material Screening Select Materials and Shapes 12
X1 Air & Forming Gas Tests Effect of Atmosphere 12
X11 Long Term Tests Effect of Time 100,2000
X111 Lubricant Tests Effect of Solid Film Coating 100
X1v Special Design Tests Evaluation of Special Shapes

(a) WC vs Sprayed WC 117

(b) Sapphire vs WC 100

(c) BRU Design 100
 {') 1000 hour BRU Test Effect of Time with

Conforming Radius 1000

The results for these tests are discussed in the following sections.

As will be noted from the table the effects of almost all the variables were
studied, that is, materials, shape, frequency, load, amplitude, time, and
temperature. Since little damage resulted however, most of the later evalu-
ations were made under the most severe conditions of oyeraﬁion,that is high
temperatures, large amplitudes and high frequencies. 1In all the tests the

1/2" ball was used as a test specimen.
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X. MATERIAL SCREENING TESTS

The purpose of this phase of the investigation was two fold: first it was desired
to determine those operating conditions which induced damage, secondly it was de-
sired to screen a number of materials which could reasonably be considered for
pivots. 1In accordance with this approach, tests were firsc run under the least
severe operating conditions, that is 200 cps, low amplitude of motion and low
temperature. Since very little damage was noted as conditions became more severe,
the screening tests were eventually run under the most severe conditions required.
A large number of tests were run at various operating conditions. From these a
nuwber were selected for discussion which best illustrate the effect of several

variables. These are described in the following section.

1. Preliminary Tests with M-2 Tool Steel

a. Pure Pitch

The initial tests were run with hardened M-2 tool steel, 80°F, in pure pitch
at 200 cps. The geometry used in all the tests was a 1/2" diameter ball
loaded against a flat. A series of tests was run at three loads and three
amplitudes. The conditions as well as the figure numbers of photographs of

the damage are shown below:

Load
Amplitude __2# 15# 30#
.6 mil - Fig. 51a Fig. 52a
1.2 mil Fig. 50 a Fig. 51b Fig. 52b
1.7 mil Fig. 50b Fig. 51c Fig. 52c

Photographs of both the ball and the flat are shown
No test was run under the 2# load .6 mil amplitude condition.

It can be seen that in all cases the damage consisted of a small darkened ring as

would be expected based upon the micro slip concepts (8). A surface profile trace
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across the diameter of the ring pattern is shown in Figure 53a. A diameter
of this particular ring was 8 mils. No wear or surface damage is evident.
The ring itself is approximately .01 mil in height and .4 mil in width. The
composition of the ring was not identified chemically. It was presumed and
appeared to be oxide  Although there was an argon atmosphere, the argon
contains several parts per million of oxygen or carbon dioxide. At the flow

rate of the argon this would be sufficient to produce oxidation.

While the ring patterns were somewhat irregular, it is clear that there is
no significant difference in the width of the rings as a function of either
amplitude or load. There were two important characteristics which should be
noted: the diameter of the rings increased with load and secondly the ball
and flat photographs are mirror images of each other. This can best be seen
in Figure 5lc where the ring bulges out in several areas, in Figure 52a where
the ring is broader on one side than on the other and in Figure 52b where a
scratch on the flat is evident on the ring of the ball. In examining photo-
graphs of almost all tests, this conclusion was firmly established. The
fact that they are mirror images indicates that the slippage is extremely
small, that there are no gross motions, and that the damage is insignificant

or it would obliterate the points of similarity.

The increase in the size of the rings with increased load would be expected
based on elastic contact theory. Measurements were made of the ring diameters
where there was a definite pattern. The measured radius is compared with pre-
dicted areas based upon the Hertz equation in Figure 54. Although there are

differences in several points the agreement is as good as could be expected.

Thus it can be seen that under the maximum conditions of load and amplitude
at 200 cps there was no significant surface damage. The investigation was

then directed to investigate the effect of other variables.



TABLE 7
TEST RESULIS

Ball Vs. Flat - 12 Hours - Screening 'f‘est

Tgmp : Frequency Load Amplitude u_gi_l_s'
Test No. Material (°F) (cpa) (bs) P+R+ Y {inch. Test Rig
2-3 M2 vs. M2 80 200 15 oS5 1
2-4 M2 vs. M2 80 200 15 1.0 1
2-5 M2 vs, M2 80 200 15 1.5 1
2-6 M2 vs, M2 80 200 15 5 1
2-7 M2 vs. M2 80 200 15 1.5 1
2-8 M2 vs. M2 80 200 15 1.0 1
4-21B M2 vs. M2 80 200 2 1.0 2
4-22A M2 vs, M2 80 200 30 .0005 2
4-22B M2 vs, M2 80 200 30 .001 2
4-24 M2 vs. M2 80 200 30 1.5 2
4-24X M2 vs. M2 80 200 2 1.5 2
4-38 M2 vs, M2 1000 200 15 1.0 1
3-15 M2 V¥s. M2 80 200 15 1.0 & .5 1
M-38 M2 vs, M2 1000 1000 15 1.5+ .5+ .25 1
M-42 M2 vs. M2 1000 1000 15 1.5+ .5+ .25 2
M-43 M2 vs. M2 400 1000 15 1.5+ .5+ .25 3
M-45 M2 vs. M2 1000 1000 15 1.5+ .5+ .25 3
PHT-3 M2 vs, M2 1000 200 15 1.0 1
PY-1 M2 vs, M2 80 200 15 S+ .1 2
PY-2 M2 vs. M2 80 200 15 1.0 + .1 2
PY-3 M2 vs. M2 80 200 15 1.5 + .15 2
PY-4 M2 vs. M2 80 200 15 1.5 + .5 2
PR-1 M2 vs. M2 400 1000 15 S+ .5 2
PR-2 M2 vs. M2 80 1000 15 1,0 + .5 2
Y-1 M2 vs, M2 80 200 15 1.0 2
Y-2 M2 vs. M2 80 200 30 1.0 2
Y-3 M2 vs. M2 80 200 15 o5 1
Y-4 M2 vs. M2 80 200 15 o5 1
YHT-1 M2 vs., M2 1000 200 15 1.0 1
PRY-1 M2 vs., M2 400 200 15 1.5+ .5+ .25 1
PRY-2 M2 vs. M2 400 1000 15 1.5+ .5+ .25 2
PRY-3 M2 vs., M2 80 1000 15 1.5+ .5+ .25 2
PRY-4 M2 vs. M2 400 1000 2 1.5+ .5+ .25 2
PRY-5 M2 vs. M2 400 1000 30 1.5+ .5 2
PRY-7 M2 vs. M2 400 1000 30 1.5+ .5+ .25 2
PRY-8 M2 vs. M2 300 1000 15 1.5+ .5+ .25 1
P-19 M2 vs, M2 80 1000 15 1.0 2
P-20 M2 vs. M2 80 1000 15 1.0 2
P-22 M2 vs, M2 80 1000 15 1.5 1
P-24 M2 vs, M2 80 1000 15 1.5 1
P-26 M2 vs. M2 1000 15 o5 1

80



Test No.
P-29
P-30
P-25
4-29
4-29B
4-29¢C
4-30
4=46
4-46B
4-46C
4-46D
4=47
4-34B
PHT-1
PHT-2
PHT-4
P-18
P-21
P-23
P-27
P-28
PRY-6
YHT-2
M-2
M-34

M-36

mils)
R + Ylinch/ Test Rig

Igmp. Frequency Load Amplitude

Material (F), ..(cps) Llbs) P +
M2 vs. M2 80 1000 - © 30 1.5
M2 vs. M2 400 1000 30 1,5
M2 vs, M2 80 1000 15 1.5
KB162B vs.

KB162B 80 200 2 ]
KB162B vs.

KB162B 80 200 15 1.0
KB162B vs.

KB162B 80 200 15 1.5
KB162B vs. ’

KB162B 80 200 15 e5
KB162B vs.

KB162B 1000 200 15 3
KB162B vs.

KB162B 1400 200 15 1.0
KB162B vs.

KB162B 1000 200 15 1.0
KB162B vs.

KB162B 1000 200 15 1.5
KB162B vs.

KB162R 1000 200 30 1.0
KB162B vs.

KB162B 80 200 30 1,0
KB162B vs.

KB162B 1400 200 15 1.5
KB162B vs.

KB162B 1000 200 15 1.5
KB162B vs.

KB162B 1000 200 30 1.5
KB162B vs.

KB162B 80 200 30 1.5
KB162B vs.

KB162B 400 1000 15 1.0
KB162B vs.

KB162B 400 1000 15 1.5
KB162B vs,

KB162B 80 1000 15 1.5
KB162B vs.

KB162B 400 1000 30 1.5
KB1623 vs.

XB162B 400 1000 30 1.5+ .5 + .25
KB162B vs,

KB162B 1000 200 15 1,0
KB162B vs.

KB162B 400 200 15 1.0
KB162B vs.

KB162B 1000 1000 15 1.54 .5+ .25
KB162B vs.

KB162B 1400 1000 i5 1.5+ .5+ .25

2
2
2
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Temp. Frequency Load Amplitude |mils

Test No. _ Material (°F) (¢ps).. _ (1bs) P + R + Ylinch
M-37 KB162B vs.

KB162B 80 1000 15 1.5 + .5 + .25 2
M-1 STEL.6B vs. ©

STEL.6B 1009 200 15 1.0 1
M-3 STEL.6B vs.

STEL.6B 1000 200 15 1.0 1
M-4 STEL.6B vs.

STEL.6B 400 200 15 ° 1.0 2
M=-4B STEL.6B vs.

, STEL.6B 400 200 15 1.0 2

M-18 STEL.6 vs,

STEL.6 400 1000 15 1.5+ .5 + .25 2
M-19 STEL.6 vs.

STEL.6 1000 Ball Turned In Holder 1
M-5 K162B vs.

Cc608 1200 200 15 1.0 1
M-6 K162B vs.

€608 400 200 15 1.0 2
M-7 K162B vs.

Cc608 1400 200 15 1.0 1
M-14 K162B vs.

Cc608 400 1000 15 1.5+ .5+ .25 1
M-16 K162B vs.

Cc608 400 1000 15 1.5+ .5+ .25 2
M-17 K162B vs.

608 1000 1000 15 1.5+ .5+ .25 1
M-8 440C vs. 440C 400 1000 15 1.5 + .5 + .25 1
M-21 440C vs. 440C 1000 1000 15 1.5 + .5 + .25 1
M-9 H.P.AL203 vs.

C.P.AL203 400 1000 15 1.5 + .5 + .25 2
M-10 52100CAS vs.

52100CAS 400 1000 15 1.5+ .5 + .25 2
M-10B 52100CAS vs. K

52100CA3* 400 1000 15 1.5 4+ .5+ .25 2
M-15 STARJ Vs.

STELLITE 19 400 1000 15 1.5 + .5 + .25 1
M-27 STARJ vs.

STELLITE 19 1400 1000 15 1.5 + .5 + .25 1
M-30 STARJ vs.

STELLITE 19 1000 1000 15 1.5 4+ .5+ .25 1
M-31 STARJ vs.

STELLITE 19 1400 1000 15 1.5+ .5+ .25 1
M-20 M-50TS vs. ‘

M-50TS 400 1000 15 1.5+ .5 2
M-25 44A vs. LWIN 40 1000 1000 15 1.5+ .53+ .25 1
M-26 44A vs. LWIN 40 400 1000 15 1.5+ .5+ .25 2
M-33 44A vs, LWIN 40 1000 1000 15 1.5 4+ .5 + .25 1
M-35 44A vs, LWIN 40 400 1000 15 1.5 + .5 + .25 2
M-46 44A vs. LWIN 40 1000 1000 15 1.5+ .5+ ,25 4



¥8mg- Frequency Load Amplitudequdls
F) )

Test No. _ Material e . (cps) (lbs: P 4+ R + Yiinch] Test Rig
M-23 HPAL203 vs.

HPAL203 1000 1000 15 1.5 + ,5 + .25 1
M-24 HPAL203 vs.

HPAL203 400 1000 15 1.5+ .5 + .25 2
M-29 HPAL203 vs.

HPAL203 1400 1000 15 1.5+ .5+ .25 1
M-39 HPAL203 vs.

HPAL203 1000 1000 15 1.5+ .5+ .25 1
M-11 44A vs. 44A 400 1000 15 1.5+ .5+ .25 2
M-22 CPAL203 vs,

CPAL203 400 1000 15 1.5+ .5+ .25 2
M-40 CPAL203 vs.

CPAL203 1000 1000 15 1.5+ .5+ .25 1
M-13 STEL6 vs.

STEL19 400 1000 15 1.5+ .5+ .25 2
P-31 M2 vs. K162B 80 1000 15 1.0 2
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b. Pure Yaw

The second variable investigated was that of pure yaw. The tests were run
with M-2 tool steel, 80°F, 15# load and 200 ¢ps, the same as the previous
tests. The initial test was run with a yaw motion of 1.6 mils/inch of radius.
Under these conditions no damage resulted as shown in Figure 55a Only the
flat surface is shown since the ball surface looks exactly the same. Since
no damage was observed the exact same test was run with the amplitude of yaw
motion increased to 3.2 mil/inch. Two tests were run 15# load and 30# load.
Photographs of the flat specimens are shown in Figures 55b and c¢. 1Indica-
tions of damage are apparent at this amplitude. A test at 1000°F also gave
the same result. A photograph at a higher magnification is shown in Figure
56. Tearing of the material and metal transfer is evident. A surface pro-
file trace is shown in Figure 53b. The area of contact has remained essen-
tially the same. Wear is evident to a depth of .04 mil. In 10,000 hours,

the required pivot life wear would be excessive. It would be desirable to
know at what yaw amplitude between 1.6 mil/inch and 3.2 mil/inch damage began.
However, because this amount of motion is approximately ten times that which
would be expected in a bearing pivot further consideration was not given to

the damage in pure yaw.

c. Combined Motions

Tests were run with M-2 tool steel at 200 cps with a load of 15 pounds to
determine the effect of combined motions. The following tests at the max-

imum conditions of motion illustrate the results.

Motion Temperature Damage on Flat
Bitch Roll Yaw
1.7 %ﬁ%ﬁ .59 %&%ﬁ 0 400°F Fig. 57a
1.7 ﬁ—iﬁ 0 48 ﬁi—h 80°F Fig. 57b
1.7 %‘% .59 ;‘iih 48 %ﬁ—h 400°F Fig. S7c
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Although the width of the rings varied it can be seen that there is no
significant difference with the combinations of motions and that the total
damage is insignificant during the course of the 12 hour test.

d. Elevated Temperature and 1000 cps Tests

Attention was directed to the effect of higher frequency and high temper-
atures, the maximum limits being 1000 cps and 1400°F. Photographs of the
1000 cps test in pure pitch of 1.7 mil/inch are shown in Figures 58a and
58b for 15# and 30# loads, respectively. By comparing these photographs
with those of Figures 5lc and 52c, it can be seen that there is no signif-
icant increase in surface damage. 1In Figures 59a and 59c is shown the
damage with M-2 tool steel, 15# load. 1000 cps, 1.7 ?11 pitch, at three

inch
temperatures, 80°F, 400°F and 1000°F. It can be seen that at 1000 cps the

damage pattern is essentially the same as at 200 cps. Increasing the tem-
perature did not change this behavior significantly except that at 1000"F
there was evidence of metal transfer. This damage was small and hard to
separate from the buildup of surface oxide. An overall photograph of the
damaged areas for the 1000°F, 1000 cps test is shown in Figure 60.. Al-
though there is damage on a micro scale, it is doubtful that this could

interfere with the operation of the pivot.

Thus it has been concluded that even with the maximum conditions of fre-
quency, amplitude, load, and temperature expected in a pivot that the
smount of damage is insigrificant for M-2 tool steel during the course of

a 12 hour test.

2. Preliminary Test with Carbide (K162B)

A similar series of tests was conducted with a nickel bonded titanium carbide.
The conditions of these tests and photographs of the ball and flat surfaces for
pure pitch motion at 200 cps are listed on the following page.
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80°F 1000°F 1400°F
Amplitude 2# 15¢ 304 2# 15¢ 304 2# 154 30#

mil
-39 inch

6la 62a - - €4z - - - -

1., Bil - 62b 63b - 645 65b . 66b -

inch

1 7 Bl - 62¢ - - 64c 65¢ - 67c -
inch

A photograph of the 1000 cps at the maximum amplitude at 400°F is shown in 7ig.
68a for 15# load and 68b for 30# load.

From these photographs it is clear that the same conclusion can be drawn as for
the M-2 tool steel. Although the nature of the surface traces change at higher
temperatures, there is no significant damage; the motion has primarily a polish-

ing effect on the surface.

A photograph of the ball and flat area of K162B run with pure vaw of 3.2 ?iih at
200 cps, 15# load and 1000°F is shown in Fig. 69. Even with this amount of yaw

no surface damage is observed as was found for M-2 under identical cenditions.

Thus it has been concluded that even with the most severe operating conditions

no damage is observed with K162B in the 12 hour test.

3. Conditions where Damage Occurs

It was found in the previous tests that the only severe damage occurred when the
amount of yaw motion was 3.2 mil/inch of radius for tocol steel. However, due to

unusual operating conditions some other forms of damage were detected.

a. Damage from Impact loading

When tests were first run at 1000 cps it was found that under a particular

set of conditions of load and gas bearing pressure, hammer resulted in the
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vertical direction. This condition resulted in a dynamic load between the
ball and the flat at a frequency of 1000 cps. The vertical motion of the
ball was approximately 1.2 mils, however. the relative motion between the
ball and the flat could not be determined. Thus, it was not known if separ-
ation occurred. However. the extent of the damage was large  Photographs
of the surface of the M-2 tool steel and the K162 ball and flat are shown
in Fig. 70 . It can be seen that the damage area is three times the normal
size and is much more severe thaun that encountered in pure yaw. A surface
profile trace of the M-2 tool steel is also shown in Fig. 53¢, The depth
of the damage is 1.5 mils, this is very much greater than that which was
found in pure yaw. The mean normal stress was 286,000 psi and the number
of cycles was 432 x 106“ From these results it is obvious that this is a
condition which must be avoided. The main question is the extent of dynam-
ic load in gas bearing machinery. Load variations will occur to the extent
of 50 percent variation about a static load due to misalignment. Here no
separation will occur. 1If the stress and the stress variations are kept
low then based on bulk fatigue behavior, adequate life would undoubtedly
result. However, minimizing the load increases the probability of slip-
page and separation. Also, fatigue failures occur much more readily at

the surface. Southwest Research{3-5) have reported some dynamic load
Omax

data at 25 KC. Severe damage was found after 30 x 106 cycles at of
750,000 psi A . ., mi
460,000 psi’ Although this is a higher stress level and variation tgan
would be used in a pivot, the required life of a pivot is much longer,
that is 3.9 x 1010 cycles. Clearly more data is needed to understand the

severity of this problem.

During normal operation separation is unlikely in a properly designed pivot
because of the preload; but it can occur for example, if the system were
subjected to high "g" forces in "lift-off" or start-up. The duration of
the motion need not be long, for damage to be incurred, as some simple
bench tests have shown. More information is also needed to better under-
stand the load conditions where damage will occur from separation. Because
of this condition the dynamic load rig was designed for subsequent evalua-

tions.
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b. Sliding
Another type of severe damage occurred when one of the specimens was free

to rotate. Occasionally, because of the differential thermal expansion of

the specimens and their holders and because of forces due to surface damage,

one of the specimens would be free to move during the test. Under these
conditions much more damage and wear would result presumably from the slid-
ing action. Photographs of the surfaces of such a test are shown in Fig.
7. for tool steel at 4CC°F. Although these tests were run at the most
severe conditions of motion and load, damage would also occur under less
severe conditions. Although it is unlikely that such sliding motions
would occur in a bearing pivot. these tests do illustrate what can happen

if these conditioms 2o azxist,

4. Material Screening

From the previous tests it was concluded that little damage would result from
short term operation with M-2 tool steel and K162B under the most severe con-
ditions of operation. Although these are suitable materials, it was desired

to evaluate the other material combinations which might be used for certain

applications. The approach used in running these tests was to screen the ma-
terials for damage at 400°F. For those materials which appeared promising at
that temperature successively higher temperatures were used. The test condi-

tions for all tests were the following:

frequency - 1000 cps
load - 15 pounds
pitch motion 1.7 mil/inch
roll motion - .59 mil/inch
.25 mil/inch

yaw motion

atmosphere - argon
time - 12 hours
>
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The following materials were tested. The figure numbers relate to photogrephs

of the flat specimen. The damage to the ball specimen is essentially the same.

TABLE OF MATERIAL SCREENING TESTS

Material Combination Figure Number
Flat Ball 400°F  1000°F 1400°F
M-2 Tool Steel M-2 Tool Steel 59b 59¢

Stellite 6B Stellite 6B V2a

440C Stainless 440C Stainless 72b

SAE 52100 Steel SAE 52100 Steel (annealed) 72¢

SAE 52100 Steel SAE 52100 Steel 72d

Stellite 6B Stellite 19 72e

Stellite Star J Stellite 19 72f 75b 77a
K162B Carbide C608 Carbide 73a

K96 Carbide K96 Carbide 73b

K162B Carbide K162B Carbide 73c 75a 72b
Hot Pressed A1203 -*Cemented Oxide 74a

Hot Pressed A1203 - Hot Pressed A1203 14b 75d

Cold Pressed A1203- Cold Pressed A1203 l4c 75¢

K96 Carbide - - Sprayed WC 74d 16

In general the results were similar to that found for M-2 tool steel and K162B
carbide. At 400°F indéntations resulted with the Stellite 6 and the anncaled
SAE 52100 steel. This resulted in a larger area of contact and in some cases
an oblong shape (Fig. 72). Of the metals the 440C stainless steel gave some-
what more damage than the others. For the carbides the damage was less severe
than the metals. Satisfactory performance was obtained with tungsten carbide
(K96), . titanium carbide (K162B) and chrome carbide (C608). For the ceramic
materials excellent results were obtained with the cemented oxide (Fig. 74a)
and the hot pressed A1203 (Fig. Jéb).-—ﬁgégélhe cold pressed A1203 there was
evidence of fracture in the contact area consisting of large pits (%4c). With
the flame sprayed coating there was considerable damage. From a microscopic

examination of the surface it was concluded that the coating came off the

* Bonded aluminum oxide

-80-
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surface and remained attached to the ball. The age in the center of Fig. 74d

represents damage to the underlying surface.

Six of these material combinations were selected for 1000°F testing under the
- same conditions as previously listed. Those materials and the figures of the

damage are listed in the previous table.

At 1000°F the M-2 tool steel flat (Fig. 59c) showed a shiny metallic portion at

the center. It appeared as if some metal transfer had resulted. however, this

was extremely difficult to determine within such a small contact area. There
was clearly more damage than resulted at the lower temperatures; longer term
tegts are necessary to determine if serious damage would result at this temper-

ature.

[

The K162B carbide and the Stellite Star J - Stellite 19 combination appeared to

give essentially ihe same results at 1000°F as they did at the lower temperatures.
(Figures 75a and 75b). No damage resulted; the surface merely had a polished
E appearance.

Both the cold pressed and the hot pressed Al showed fracture damage at 1000°F

0
23
(Figures 74c and 74d). The damage was more severe in the case of the cold pressed

than with the hot pressed A120 Because of these results, and the effective re-

3
sults with carbides and metals, further consideration was not given to ceramic

materials.

A test was also run with the WC (K96) flame spray WC coating at 1000°F. It was

AT

apparent that the coating had worn through (Fig. 76a) or removed from the A-286
flat and had adhered to the ball specimen. Damage with this combination was

severe.

Because of the promising results with the K162B carbide and the Stellite Star J -
: Stellite 19 these combinations were run at 1400°F. Photographs of the surfaces
of the ball and flat are shown in Figure 77a for the Stellite and 77h for the

b emrrimerercced

carbide. No damage could be detected with either combination.
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From these short term tests, it can be seen that under the conditions which sim-

ulate tilting pad pivots that M-2 tool steel performed without damage to 1000°F

and the K162B carbide and the Stellite Star J - Stellite 19 combination performed
satisfactorily to 1400°F. Since it was desired to select two or three materials,

these seemed more than adequate to fulfill the requirements of most applications.
Further attention was then directed to the effect of several shapes. This is
described in the following section.

5. Effect of Shape

With the materials selected it was desired to know if the use of specimens with
more conforming radii would significantly effect the damage. Test specimens of
M-2 tool steel spherical sockets were manufactured with radii of .256 in., .375
in., and .750 in.; cylindrical sockets of .256 in., and .750 in., were also made.
These were run with the .250 in. radius ball and 15# load. The motions imparted

were the same as those used in the material screening tests.

a. Tests with .256 Radius Socket

A total of 5 tests were run with the .256 socket at 400°F and 3 tests were
run at 1000°F. Two types of behavior resulted regardless of the tempera-
ture. In several tests no evidence of a contact mark could be detected by
microscopic examination. In most of the tests, however, evidence of motion
was detected as an irregular scar on the side of the socket. Photographs
of the ball and socket are shown in Fig. 78, along with the micro photo of
the contact area. Because of the darkened appearance it was concluded that
the damage consisted of a built up oxide film. At 1000°F a small irregular
contact area was also observed. Its appearance was metallic as if some
metal transfer had taken place. Macro photos of two of the 1000°F tests
are shown in Fig. 79. It should be mentioned, however, that it is very
difficult to distinguish microscopically between metal and oxide at high
temperatures. First of all, the damage area is very small and secondly
there can be burnishing of the oxide film which reflects light to give a
more metallic like luster. It was concluded, however, that increase in

the amount of damage did take place at 1000°F.



At both 400°F and 1000°F more observabie damage takes place with the .256
socket than with ball on flat. One can hypothesize a reason for this be-
havior. There is, of course, a very small clearance between the .250

radius ball and the .256 radius socket. Any slight misalignment or irreg-
ularity will raise the contact area from a ring at the center to an irreg-
ular pattern on the side of the socket. This will add a tangential force

to the contact area which could increase microslip. The absolute value of
yaw motion will be increased since the motion is further from the center

of rotation. However, most important r.:king motion may also take place
about the edge of the bsaring which could cause a dynamic load at the con-
tact area and increase the amount of damage as already observed. It is also
significant that the pressure is extremely low as shown in Fig. 80. Under
these conditions, the dynamic load is more probable and the gross slippage
greater. Also under these conditions the damaged material cannot be pushed
out of the way and builds up in the contact area. Once this happens rocking

motion can take place about the damaged or oxidized area.

It appears then that the closely conforming radius in a socket can lead to
damage in short times. At 400°F the damage consists of built up oxide while
at 1000°F metal transfer may be beginning because of the softening of the
M-2 tool steel. Although this damage may result from misalignment there is

no assurance of perfect alignment in a practical bearing system.

When the radius of the socket was increased to .375 and .750 the more char-
acteristic ring pattern was obtained (Fig. 8Y). However, more oxide build
up was also evident. This was more noticeable in subsequent tests shown in
Fig. 82, 1In Figs. 82a and 82b are shown two tests with .375 radius socket
at 400°F and 1000°F. In Figs. 82c and 82d are shown two tests with the .750
socket at 400°F and 1000°F. Apparently most of the built up meterial was
oxide but there may have been metal transfer at 1000°F. The build up is
larger than with the flat but less than that found for the .256 radius (Fig.
78).

Because of the damage at 1000°F, a .375 radius socket was run at 900°F.
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Since tool steel softens at 1000°F, it was felt that this may have been
the cause of some of the metal transfer. This test showed very little
damage in comparison to the 1000°F tests. This result suggests that the
tool steel should be limited to 900°F application.

A number of tests were also run with the cylindrical sockets. The results
were essentially the same as that found for cthe spherical sockets. A
photograph of the results with the .256 raedius cylinder is shown in Fig.
8.

Although the amount of damage which resulted with all the sockets would
probably not be sufficient to interfere with the pivot motion, there was
more build up with the sockets than with the flat specimens. This may
have been due to the fact that with the lower pressures the built up
oxide could not be extruded from the contact area. The most damage was
found with the .256 socket which tends to confirm the above findinga.
Thus it appears from these tests that the more open curvatures (radius
.375 or greater) are less prone to damage,however, longer term tests

would be necegsary to confirm this conclusion.
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X1. FORMING GAS AND AIR TESTS

In the previous tests an argon atmosphere was used. Even so there always appeared
to be evidence of oxidation at higher temperatures in the contact area.

The source of this oxidation could be from the oxygen in the argon or from a

leak in the system. 1In order to determine its effect on the surface damage a
series of tests was run with forming gas (93 Ny, 7 Hp) which is a reducing
atmosphere, particularly at high temperatures. The conditions of the tests were

as follows:

MATERIAL TEMPERATURE OTHER CONDITIONS
Stellite J vs Stellite 19 500°F Shape -- .250"radius
900°F ball vs. flat& .375"
radius socket
Carbide (K162B) 500°F Load -- 15 pounds
900°F Frequency -- 1000 cps
M-2 Tool Steel 500°F Motion -
o Pitch -- 1.5 mil/inch
900°F Roll =-- 0.5 mil/inch
Yaw ~-- 0.25 mil/inch

Time -- 12 hours

In these tests forming gas was used throughout the rig that is, in the gas
bearing, the load bellows, and in the atmosphere around the specimens. Copper
coupons placed in the specimen chamber during the test run showed no evidence of
oxiiation even at 900°F; in fact surface brightening took place. Furthernmore,

there was no evidence of general oxidation of the specimens.

in general, no differences could be detected between the results in these tests

and those run in argon. Photographs of the tocl steel specimens at 500°F are shown
in Figure 84a and b. Figure 84a shows the ball and flat specimen; Figure 8b

shows the ball and the .375'vedius socket. The dsmage can be compared with that

in Figure 59b for argon. It coneisted of the characteristic ring of dark (not
identified) material in the slip region. A Talysurf trace over the ring

showed that its height was insignificant. The damage was of the same order of
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magnitude of the surface scratches. As would be expected the contact ring is
larger for the .375 radius specimen. The results for the 900°F tests are

shown in the following Figures:

MATERIAL GEOMETRY FIGURE NUMBER
M-2 Tool Steel Ball vs Flat 85a
Ball vs .375"Socket 85b
Stellite J vs Stellite 19 Ball vs Flat 86a
[ Ball vs .375"Socket 86b
L Carbide (K162B) Ball vs Flat 87a
- Ball vs .375"Socket 87b

Although there are some variations in the appearance of the rings the damage:.is
insignificant as indicated by the Talysurf traces. Essentially the same
conclusions can be drawn from the tests at SOOOF. In all of the tests there is

no> indication of damage, wéight change, or dimensional change of the specimens.

g These results are further evidence that this amount of motion is too small to

: . cause appreciable surface damage regardless of the atmosphere. Forming gas is

- : a reducing atmosphere particularly at high temperatures. Even so the dark damage
E rings appeared. The ring material was not identificd but appeared to be essen-

tially the same as those formed in argon. This ring may be oxide, however, this

atmosphere is about as limiting tc oxidation as could be prepared.
[? It should also be noted *.uat even though the pressure increased from 100,000 psi
' for the .379'radius specimen to 210,000 psi for the flat specimen there was no

change in the amount of damage. In other words, no effect of shape was detected.

A series of four twelve hour tests with tool steel was run in air under the same

conditions as the forming gas tests. Tests were run with both the flat and the
.373 radius socket. Photographs of the damage which resulted with the .375 inch
radius sockets at 500°F and 900°F are shown in Figure 88a and b. The usual
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dark ring is formed in the slip zone at both temperatures. Comparing Figure 88
with Figures 84b and 85b shows the effect of the two extremes of air environment.
In air it can be seen that the general level of oxidation is greater and that there
is a more complete ring of damage. However, other than this, one can distinguish
little difference between the tests. In neither case was there any significant

damage.
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I1. LONG TERM TESTS

It became apparent that even under the most severe conditions damage would not
occur with rolling motions if the correct material were used. These, however,
were short term tests which would indicate damage from metal transfer and welding
but not from wear or surface fatique. For this longer term tests would be naces-

sary.

Originally a number of 100 hour tests were planned, however, after several tests
(see Table 7) it became obvious that the results at 100 hours appeared exactly
the same as the 12 hour tests. cAs a result the 100 hour selection tests were

eliminated and 2,000 hour tests were run.

Several shapes and materials were used, however, all the tests were run at 900°F
with a .250 radius ball, 1000 cycles/second; and amplitude with 1.5 mil/inch pitch;
0.5 mil/inch .roll end 0.25 mil/inch yaw. The load was 15 pounds. These were

the standard test conditions which were used for these as well as most of the

ocher tests in this program.

The long term tests were completed on December 8, 1967 after 1950 hours of opera-
tion. The results of all of the tests are given for each material in Tables 8 -
11. The results are given in terms of overall wear, change of weight of the test
specimens, observed microscopic damage, results of Talysurf trace, and changes

in the motions.

The overall wear was measured with a capacitance probe which measured the overzll
specimen height before and after the test. There was considerable variation in
this reading which had little relationship with the overall damage. It appears

that this measurement has little value.

The weight changes of the specimen are very small, indicating that negligible
wear had taken place. In fact on most specimens a weight gain resulted undoubt-

edly from surface oxidation. Small weight losses were noted on the damaged speci-

mens.
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The amount of surface damage which resulted was determined by microscopic inspec-
tion and by comparison of the Talysurf. traces before and after the run. Gen-
erally the results fell into two classes. Either there was no surface damage and
the area of contact showed only a contact spot, or there was surface damage which
consisted of a general roughening of the surfaces. Where this took place maximum
height of the hills and the depth of the valleys is noted. 1In no case did this
damage exceed a height of 1 mil. There was no. consistent pattern to the change.
In several cases it was determined that some transfer had resulted, this is in-
dicated by an arrow in the table noting the direction of transfer. However,

this damage is on a microscale. On a macroscale the damage for all tests, except
§Lossibly the M-2, A286 combination, is small and probably would have little in-
fluence on the overall operation of the pivots. Macrophotos of the carbide and

tool steel tests are shown in Figure 89.

Any changes in the motions were noted in the log books and ad justments made. A
summary of the significant changes are noted in the table. In all cases these
changes consisted of increase or decreases in the amplitude. It was found that
where the motions :hanged (either increase or decrease in amplitude) damage was
found upon disassembly and inspection. This was most apparent with the tool
steel A286 combination where the motions continually changed and eventually it
was not possible to increase them again. This was the test where the greatest

damage was observed.

These results show essentially the same behavior as was found in the short term
tests. No significant wear could be detected and the damage was microscopic when
it existed at all. The most damage was found with the M-2-A286 combination shown
in Table 8. This was included in the test program to see how much damage would
result with a poor combination of materials and under high stress (ball-flat ge-
ometry). The damage consisted of a roughening of the surface with the transfer
of material from the ball to the flat. Even here however the maximum peak to
peak height was only 1.2 mil, although this was sufficient to interfere with

the established motions. A Talysurf trace of the damaged area is shown in
Figure 90. The other combination of materials gave much less damage (Tables 8 -
11). On the basis of these tests no material could be judged superior to the

e e
o

~
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others. This is understandable since they were selected as the best materials in

the initial screening tests.

The damage which resulted was indépendent of the geometry as shown in the following

table. (Damaged specimens are indicated with an X).

MATERIAL SOCKET GEOMETRY
.750 .256 .256
Flat Sphere Sphere Cylinder
M-2 Tool Steel vs. M-2 Tool Steel X X
M-2 Tool Steel vs. A286 X Not Not Not

Tested Tested Tested

Stellite Star J vs. Stellite 19 Not X
Tested

K162B Carbide vs. K162B Carbide X X

It can be seen that some damage was detected with each shape regardless of the
material. Thus, the socket geometry (at least within the range of geometries
tried) does not appear to be a principal factor in determining whether damage
occurs or not. This same behavior was encountered in the short time tests.

There it was hypothesized .that the difference in damage may result from the changes
in the area of contact if small amounts of misalignment occur with shaped specéi-

mens.

In each case, surface oxidation was apparent on the specimens at the conclusion
of the test. It was felt that this oxidation was due to the impurities in the

argon.

The conclusions from these tests are that the selected materials are satisfactory
for long term service under the conditions of these tests. No conclusion can be

drawn as to the optimum shape, from these results.
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XII1. LUBRICANT TESTS

Although the unlubricated surfaces were not severely damaged even after 2000

hours of operation it is desirable to know the extent of effectiveness of solid
film lubricants. In order to answer this question 4 - 100 hour lubricant tests
were run and compared with unlubricated tests run at the same times. The lubri-
cants were applied to both surfaces of M-2 tool steel specimens. The lubricant

test was run in conjunction with each lubricant test under the same conditions.

Test Pivot Socket
Lubricant Time Temp. Frequency Load Amplitude Rig Shape Shape
P R Y .
Fused in
Fluoride 100 hrs. 500°F 1000 cps 154 1.5,.5,2.5'I; 6 .250 Rad. .375 Rad,
_ Fused {n
Fluoride 100 hrs. 900°F 1000 cps 15# 1.5,.5,2.5 in 5 .250 Red. .375 Rad.
MoS 2 in
Silicate 100 hrs. S500°F 1000 cps 15¢ 1.5,.5,2.5 o 6 .250 Rad. .375 Rad.
MoS»o in
Silicate 100 hrs. 900°F 1000 cps 15# 1.5,.5,2.5 o 5 .250 Rad. .375 Rad.

The results of these tests were quite surprising in that in each test the lubri-
cant remained on the surface in the contact area at the conclusion of the test
(100 hours = 3.6 x 108 cycles). This is much longer life than would normally
be expected from a solid film lubricant. Thus one must again conclude that the
amount of slip is so small that it can do little damage or wear to the surface.
Microphotos of the 500°F contact areas are shown in Figure 91. Macrophotos of
the MoS, coatings are shown in Figure 92. These photographs show that the lub-

2
ricart film is still retained in the contact area.

In the 900°F fluoride test separation occured between the film and its base at
the conclusion of the test. Since these coatings were experimental nc particular

significance is attached to its removal in this manner.
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X1V. _SPEC DESIGN TESTS

During the sourse of the investigation a number of specific pivot designs were
evaluated in 100 hour. tests. In the following sections the regults of these

tests are presented.

1. Tungsten Carbide vs. A286 Flame Sprayed with Tungsten Carbide-Conforming Radius

Drawings for these test specimens are shown in Figures 93 and 94. Essentially
they consist of a .500 diameter tungsten carbide ball and a .500 diameter
socket element made of A286 stainless steel sprayed with a tungsten carbide
film. The ball and socket elements are lapped together to achieve a fully con-
forming geometry. A hole in the center of the specimen is to simulate the hole
for hydrostatic jacking gas in the pivot. Five of these specimens in matched
sets were aupplied by NASA for evaluation.

In order to run these tests it was necessary to modify the test rig as shown in
Figure 95. The essential difference is that the ball specimen is mounted in the
spherical seat and the socket is held rigidly. The cleaning and operating pro-
cedures for these tests were the same as those used in the preceeding tests.
Six tests were run with these pivots (one set 003 .was reused). The running
conditions are given in Table 12. These are the same standard input conditions
as used in previous tests. Two tests were started at 500’ F (specimens 003 and
004) and run for 16 hours. The tests were then stopped and the surfaces exam-
ined. Rather severe surface damage had resulted. Originally it was planned to
restart both of these specimens for an additional 100 hours; however, since the
damage was so severe, it was decided to only restart only one of the specimens
and to retain the other for examination. One set (003) was reassembled along
with a new specimen set (002) and the additional 100 hours run. (117 1/4 hours
were run to correspond to the shut off date for the 2000 hour test.) After

117 1/4 hours the surface damage became so severe and the motions so erratic,
that the test was not restarted to complete 480 hours of testing as planned.

Two additional comparative tests were run at room temperature for 117 1/4 hours.

The results of these tests are given in Table 13. Photographs of the surface at
the conclusion of the tests are shown in Figures 96 through 101. Referring to
Table 13 some generalizations can be made: In all tests the sockets lost weight.
The overall wear was negligible probably within the accuracy of the measuremen’s
(h dimension is shown in Figure 95).
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Changes in motion were for the mcst part changes in amplitude. There was
however no consistant pattern to the changes. Test specimens 005 gave
variable motions throughout the test while its companion test 00l main-

tained constant motions.

The surface damage though obvious to the eye, did not involve large volumes
of material. The damage was limited to isolated areas in the 16 hour

test (Figures 96 and 97) and in the room temperature, 117 hour test (Fig-
ures 100 and101). In the 500°F, 117 hour tests the damage was essentially
the same as in the other tests except that it covered the whole surface
(Figures 98 and 9).

Microscopicly all the damaged areas appeared the same. Compare, for example,
Figures 96c, 97c and 97d. It was very difficult to determine the exact nature

of the damage with the microscope. ‘Tal¢surf. traces made by M. Swikert of

NASA on specimen set 004 (Figures 102 and103)) showed that material was removed

from the socket to a depth of .0003 in. and transferredto the ball. The amount

of material removed from the socket is of the same order of magnitude as the
sprayed carbide film thickness. All the results are consistent with the hypothesis
that the film was removed by the fretting motion and adhered to the ball. The

same result was found for the same combination of materials in the screening

tests. Thus this appears to be -a materials problem rather than a design problem.

2._Sapphire vs. WC (Conforming and Non-conforming Geometrzz

Eight tests were run for 100 hours at 500°F using the standard conditions of
operation previously outlined. The specific shapes used are shown in Table 14.
Two tests were run with each shape. The radius of the balls were .250"; the
radius of the non-conforming sockets was .375". The results of these tests

are given in Table 14. 1In all cases there was damage to the specimens. For the
non-conforming radii the damage was caused by the edge; for the conforming radii

the Jdamage consisted of isolated regions of minor surface roughening. In most
cases the sapphire ball lost weight and ti.» carbide gained weight. Small frac-

ture pits were occasionally seen in the surface of the sapphire.
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A photograph of the surface cf the non-conforming radius before and after the test
is shown in Figure 104, The ring shown in Figure 104b produced the wear debris
shown on the socket. This wear debris caused the weight gain shown in Table 14

It was firmly attached to the socket anc had to be scraped away. When it was
removed the wear area was confined to a v-ry small area on the edge of the tung-
sten carbide socket. When the ho.e was in the sapphire ball the results were
essentially the same except the sapphir: edge was chipped and the groove was worn
in the tungsten carbide. 1In this test the contact area produced surface roughen-

ing of 10 to 20 microinches.

A photograph of a typical damaged surface for the conforming radii is shown in
Figures 105 and 106 . Figure 105 shows the test specimens before and after test.
These damage areas are identical on the ball and socket. This type of damage was
found on all specimens with the conforming radius. The damaged areas are shown
at higher magnification in Figure 105. The damage was carefully inspected at
higher magnifications and with a variety of light sources, however, no under-
standing could be obtained as to its exact nature. 'Talysurf traces indicated
that there was build up and material removal from each surface. As with the pre-
vious configuration some surface chipping of the sapphire was noted. With the
conforming radii tests some difficulty with the motions was experienced. Sudden
changes in the amplitude took place without any shift in the wave form. These
would be corrected when they occurred. This was not a consistant phenomenon, how-
ever, since it occurred only occasionally and in certain tests more than in others.
It is easy tb explain this effect; with damaged surfaces one would expect varying
friction and thus varying amplitude. Even more likely is the possibility that
the damaged area separated the surfaces sufficiently so that a. rolling contact

could result.

On a microscale the damage appeared severe, however, on a macroscale the damage -
was small. With these specimers the fracture pits on the sapphire would be suf-
ficient cause for its rejection particularly since other materials are available.

These were run and described in the following section.
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3. Carbide and Tool Steel - BRU Conforming Geometry

. L]

Because of the difficulties with the sapphire tests a series of tests were run
with the carbide-carbide and the tool steel-tool steel gcombination. The geome-

try was a .250" radius ball with a mated .250" socket. The specimens were lapped
together. Each specimen had a center hole. Four tests were run with K162B car-
bide and four with M-2 tool steel hardened to 56Rc. The carbide specimens were

of the same material and geometry as the pivots in the delivered BRU at NASA-Lewis.

The following test conditions were used:

Load: 15 pounds
Temperature: SOOOF
Frequency: 1,000 cps
Motion: Pitch 1.5 mil/inch
Roll .5 mil/inch
Yaw .25 mil/inch
Time: 100 hours
Shape: Conforming radius 0.50 inch diameter

The results of these tests are given in Table 15 for the carbide and Table 16
for the tool steel.

The results of all the tests were similar. This is illustrated by the results
of the 113 carbide te.t. The damage consisted visually of isolated foggy ap-
pearing areas (FigurelO7). The contact areas on the both specimens were mirror
images of each other. Two corresponding spots are shown in FigurelO7. A micro-

scopic examination of this spot indicated that it consisted of roughened surface

(Figure 108) and wear debris. The rough appearance seemed to be due to metzl transfer

from one specimen to the other. A Talysurf trace across the surface of the
damaged (Figure 109) area of the ball, confirmed the increased roughness. It
should also be noted that the damage consists of build up on the ball as well as
recesses. This damage was identical to that which was found in the previous
tests of conforming radii. A number of 'Talysurf traces were made across the

various damage areas. From this an average roughness change was recorded
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for each set of test specimens. For the 113 test the surface roughness increased
by 20 microinches. At one small spot, however, the roughness was larger. No

significant changes in weight or in the motions were noted.

The results for the other carbide tests were essentially the same. Macrophogos of
the ball and sockets of this identical tests are shown in Figure 110a, b, and c.
It should be noted that the wear is sufficiently small and .that .the contact areas

are relatively isolated.

The results for the tool steel tests are shown in Table 16. The type of damage

was essentially the same as that for the carbide with several exceptions.

l. The contact area generally covered a larger portion of the specimen
area (Figure 111).

2. In several tests the metal transfer was more severe at isolated spots
(Figure 112a and 1li12b).

3. The surfsce roughness from damage was larger (See roughness change

column, Table 186).

4. More difficulty was encountered in maintaining the motions during the

test ‘run. This was undoubtedly due tuv the increased damage.

In summary these results show that with the conforming pivot design, surface
damage in the form of metal transfer occurs in a period of 100 hours. The car-

bides were damaged less than the tool steel; in both cases the damage was microscopic.
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2v. 1000 HOUR BRU TEST

In order to determine the long term behavior of the conforming geometry, two of
the previously run BRU carbide pivots were replaced in the test rig and run for
an additional 1000 hours at 500°F under the standard operating conditions used
in the 100 hour tests. he results of these tests are given in Table 17.

The surface damage was essentially the same as that found in the 100 hour test
except that it completely covered the contact area rather than being confined

to isolated contact spots. Macrophotos of the specimens are shown in Figure 113 .
Microphotographs of the ball and socket of the 115 test specimen are shown in
Figure 114 . 1t is seen that essentially the same form of damage results which
has been found with all the conforming geometries; that is a general surface
roughening and darkening of the contact area. Extensive microscopic examinations
were made of the damaged area to establish the nature of the surface damage,
however, this could not be resolved. 'Talysurf traces showed that there is
"build-up” and material removal occurring in both the ball and sock : elements.
Darkening of the contact surfaces did not provide any significant information
regarding the specific nature of the damage. Electron microscopy or diffraction

may give some further insight, however, the techniques were not utilized.

From Table 17 it can be seen that the surface roughness has increased as a re-
sult of the 1000 hour tests. There were, however, no significant changes in

the motions during the test in spite of this increased damage. A significant
fact is that all of the test specimens lost weight during the run; an indicatiomn
that wear had taken place. The total wear amounted to .0060 gram in the case

of the 111 specimens and .0032 for the 115 specimens. This amount of wear

is small, but if the .006 gram were uniformly removed from the specimens, a
change in height of .0002" would result. In other words, the wear would

amount to about .2 mil in 1000 hours. There was, however, no other substantiating
evidence of this wear and the numerous .Talysurf traces taken at the edges of
the damaged areas (for example see Figure 114d) showed no change of height, only

a surface roughening.
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One further poiat is of interest. In Figure 114-d the line of contact formed by
the edge of the hole in the ball can be seen. iIn th2se tests there were no signs

of any damage at the..edges .of the hydrostatic:gas feed holes.

In conclusion, the tests showed again that while conforming surface pivots
suffer significantly more damage than non-conforming ones, the extent of damage
after 1100 hours of operation is still small enough go that it did not affect
the performance of the pivots in the test rigs. Based on MII experience, this
amount of damage would also have no significant effect in an actual pivoted pad

gas bearing.

On the basis of the tests, therefore, we conclude that the conforming surface
pivots that were tested will operate successfully in an otherwise properly
designed pivoted pad gas bearing, at least for the order of one to several

thousand hours.

There are, however, two reservations of an essentially statistical nature that
should be noted for conforming pivots with a central hole for hydrostatic

jacking gas. These are:

1. If a large chip were to come loose, it would tend to wedge between
the conforming mating surfaces, with significant effect on clearance

and freedom of motion of the pad.

2. Transfer of debris from the wear zones to the gas film through the

hydrostatic gaes feed hole.
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XVI PIVOT DESIGN

A properly designed pivot should operate for long periods of time without
either wear or surface damage. The previous results have shown that thir
objective can be achieved., Tool steel and carbide pivots were operated with
both the conforming and the non-conforming geometries for 1000 hours without
measurable wear, Damage, however, was generally found with the most conform-

ing geometries.

In the past, pivot designs have been somewhat arbitrary. Generally, every
effort was made to keep the pressure in the contact zone t0 a minimum, MII
practice for unlubricated pivots has been to design for a stress of 120,000
socket) of 1.02 to 1.1, The size of the pivot is

pivot
chosen to conform to these requirements. Thus higher loads will result in

psi with a radius ratio (

larger pivots. The results of these studies have indicated that these design
guidclines are very conservative. First, the results have indicated that pivots
may be cperated at higher pressurcs. Secondly, the results have indicatzd that
the radius ratio should be larger. Pivot damage (but no significant wear) was
almost always found with the conforming radius and with the 1,02 radius ratio.
The question ther arises as to what limits should be placed upon these variables.
The safest approach is to select design values which were actually run in the

present test program,

The maximum running pressure in the 2000 hour test for the tool steel, ball-
flat combination was 220,000 »:i. Since the yield pressure of hardened and
tempered tool steel is 300,000 to 400,000 psi (depending upon the tempering
temperature), this value represents a reasonable design limit. Although the
carbides were run at slightly higher pressures, there would be insufficient gain
to justify a different pressure for each material.

In most of the tests, satisfactory operation was obtained with a radius ratio
of 1.50 or higher. Surface damage was almost always found with a radius ratio
of 1.02 or smaller. Thus, it scems logical to design with the 1.50 radius ratio

as an acceptable value.
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A third criterion may be applied to the design of pivots or any sliding contact.
It is known that when two surfaces slide together the total distance of slip is

critical as shown below.

faay N OB e

| A B
|
i | {
' 1 Slip ! Damage
le—Elastic—plg— Without ——phg— and —
: | Damage | Wear
[\ ; 1 1 o
0 Sliding Distance
If If two points are in contact and motion is imposed, they c:.n move together

elasticly for a short distance (0 - A). If motions are larger, actual microslip

[‘ will occur; however, a certain amount of microslip is necessary before damage

will occur (A to B). Damage and wear occur at microslips above point B. Un-
fortunately, numerical values can not be assigned to these transitions at the

present time.

In this program a design has been suggested which would eliminate the microslip,
that is, all the motion would be taken in the elastic region. Essentially, this
approach calls for a rather complex geometry with high pressures in the sligp
region of contact. Although this approach could be used, the experimental work
indicated that the simple ball-socket geometries would suffice., The computer
program developed in Appendix D allows the microslip at any point in the contact
region to be calculated. The correct criterion then is to design the pivet so
that the maximum microslip is less than that required to produce damage. Al-
though the amount of microslip necessary to produce damage was apparently not
reached in the experimental program, it is still possible to select the maximum
experimental microslip from the 2000 hour tests. This, of course, depends upon

the friction coefficient and the shear traction of the pivot. If T is chosen to
shear traction
normal force

obtained ior tool steel surfaces:

be .20 where T then the following values of microslip will be

LOAD MICROSLIP INCHES

POUNDS £ =,35 f = ,65
15 . 245%x10” % .427x10°%
30 .389x10" .678x10™%
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It is difficult to know what coefficiert of friction to use. A value of 0.65
can be accepted as at room temperature air value and 0,35 at 900°F. It could be
higher in an oxygen-free enviorment or lower because of vibration. For the
pivot design calculations used in this report, a value of 0.35 waes selected,

since the possibility of elimirating all cxygen from a system is rather remote.

The 15# test was run for 2000 hours without damage; the 30# test was run for

100 hours. Since sliding surface damage is not a function of time, either the 15#
or the 30# value of microslip may be chosen. In view of the fact that the lower
value of frictior was chosen, it seems appropriate to select the microslip for

the maximum load; that is, the value of .389 x 10-4 in.

Thus, the suggested approach is to design the pivots using a radius ratio of 1.5,
a maximum pressure of 220,00b psi, and a limiting microslip of 4 x 10-5 in,

In Figures 116 to 121 the microslip, pressure, radius of the contact region,

and radius of the locked region are plotted as a function of pivot load for a
radius ratio of 1,50. Three different pivot radii are selected to cover the
probable range of loads; r = .125, .250, and .375. Curves are given for a
friction coefficient of 0.35 and for both tool steel and tungsten carbide. The
value of T used was .20. This is somewhat greater than might be expected; how-
ever, as shown in Figure 115, 7 = 0 gives only a slightly lower value of micro-
slip.

Figures 122 to 125 show the effect of changing the radius ratio to the extreme
limits for the ,250" radius ball. Here the design curves are given for the
.250" ball vs the flat and the .300" socket radius. On each of these curves,
the design limits of .4J00 x 10-4 in microslip and 220,000 psi pressure are
drawn. This shows the load limit for each of the design shapes. In the
following table, these limits are reproduced.
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DESIGN LOAD LIMITS

Material | Radius of | Radius of |Load Limit|.Load Limit| Figure Number
Pivot in | Socket in | Pressure Slip
Criterion | Criterion

Tool

Steel .125 . 1625 324 - 38# 116
Carbide .125 .1625 8# - 30# 117
Tool

Steel .250 .375 1204# 52# - 118
Carbide .250 .375 33# - 41# 119
Tool

Steel .375 .5625 150# 66# - 120
Carbide .375 .5625 944 50# - 121
Tool

Steel .250 o (flat) 15# - 25# 122
Carbide .250 o (flat) 3¢# - 23 123
Tool

Steel .250 .300 >150# 75# 124
Carbide .250 .300 >150+# 60+# 125

<112-
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It can be seen that, in some cases, the pivots are load limited by the pressure
criterion and, in some cases, by the microslip criterion. Since the conserva-
tive approach has been followed in the selection of these limits, it may again

be used to select the lower of the loads as the design limit.

The main point of interest shown in this table is that these three simple
pivot shapes and two materials can be used to the widest range of design variables

which would be expected in small Brayton cycle machinery.
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For small motion of the journal, the dynamic forces imposed on the journal by

the fluid film of a fixed pad bearing can be represented by a set of spring and

damping coefficients.

Load

Whirl orbit of
journal center

Pad ””/’Wi

center

Pad

2

Bearing centerline

Pad cénter]

%

i Static
of journal axis

Figure A-1

The journal is considered to have four degrees of freedom:
two radial displacement components and two angular displacement couponents.
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The jourral is operating with a static eccentricity ratio €, and a correspond-
ing attitude angle P, Under dynamic conditions the journal center whirls around
the static equilibrium position with the displacements € and ® measured from the
equilibrium position. In addition, the journal axis is assumed to perform an

angular oscillation with the angular displacements @ and B.

The restoring forces and moments acting on the journal can be expressed by their

first order Taylor's series expansion:

Q/

BFr aFr F_ . brr .
Fr = Fro + 52— €1 + Z:sa eowl + 2 el + Z:sa €°¢1

art th art . 6Ft
Ft = Fto + 3k S + 6055 €71 + & 1 + 6056 €01

My, My . My M, .
M OtE Gty PSR P

Q

M M . M oM.
MB=g-g-a +§"§°‘+$&B+§§Q )

The partial derivations represent the dynamic coefficients for the fluid film.
They are obtained from a perturbation solution of Reynold's equation as described

in the following.

For an incompressible lubricant, Reynold 's equation can be written in dimensionless

form as:
2 [.3a 3P| _ah_. , dh (1)
39 [h ae]"g![“ %{] 0 T2 3
where
P h z
P = , h= = ' c = =, T = Wt
6uW(B) c R
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assuming thet the bearing is operating under isothermal conditions such that the
viscosity of the lubricant is constant,

N W

Set
¥ = ph

and then Eq. (1) becomes

) ]
2 2 2
?;’sz-:-c% -%[%h—z((%f+(g%)2)+h-1(§%+:§2]w-hz[g-g+2%_‘(3)

The translatory motion of the journal is defined by the coordinates € and ¢
and the corresponding velocity components € and é . Similarly, the angular motion
is defined by the angular displacements & and B with velocity components @ and é,

as shown in Fig. 1. To make the first order perturbation set:

h=h+¢cos(® - @)+ e psin (8 -q)- fa s1n(0-9 ) +8p cos (8-9,) %)

V=gt o Pyt e O P, + e Pt OB + G P+ PR + QP + PR (5)

‘ where - ho =1+ €, co8 (9-¢°)
Hence:

h2= hoz - % h;g €, cos (Q‘Wo) + ep¢lsin (B-q%Q -&a sin(94%)+»§b cos(O-@o) (6)

3 sin(e-wo)
wo + Pl- E h *o €1+ PZ ) ho %;eowl + P3 € ¢

. (e-9) (-9
3 $sin 0 3 . .
+P4€o¢+ P+_§.___°__wo a+ P6+2 COBh O‘w B+P7a+P
(o]

g% = ¢ cos(8-9 ) + €oé Sin(9'¢°)-§5 ain(9'¢o) + cé cos(O-Qo) (8
h oh

3= 532 - 61810(9'¢°) + €°¢1 cos(e-wo) - 8 cos(0- o) - §Blin(9-wo) (9
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g—g = -Q sin(e-tpo) + Bcos(e-wo) (10)

Substituting Eqs. (4), (5), (8), (9) and (10) into Eq. (3) and then collecting
terms corresponding to €g0 €15 € )> é, eo('p, a, B, & and B respectively, the

general form of these result equations is:

2— 2

a_’:.l,. a_i.h,. Ay, = B (J=0,1 ...... 8) (11)
e 3 . .
vhere
A
W= r

h2 ho

B, = - 3
h 2
°
3. .
8(0-9 ) € (l+¢ cos (8-, 8in(9-¢ )
=31 co o o 9 o o'l,.1
B, 2 m + 3 A 5 1 2 eocos(O-tpo)
(o) h
0 h 2
°
3|1 eocos(G-q>o)+ eoz
Bp=-2lz ¥ 3 sin(@-9) ¥,
h h
o o
i cos(0-9p ) €
I S . —0 .3 o
+ 1 2 eouos(O qao) S + 2 5
h 2 h 2
o o
2¢co8(6-¢ )
B, = _—0
3 3

h 2
°
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The pressures at both ends of the bearing and at the leading and trailing edges
are ambient (i.e.,= 0). At the bearing centerline there is symmetry. Thus,

the boundary conditions become

Vg = Bpoceeinns Py =0 at{=§ ,0=8 ando=9,
Py =P =P =Py =0
at £ =9 (12)
v arl P P dP
P ol sl Sl Sl o

the pressure distribution ;5 can be solved by using a finite difference method

as described later.

The components of load carrying capacity and the restoring moments in dimensionless

form can be calculated from

£ o
L. 2 '
F_ %— fo Ig con(e-) Y5 ¢ Cae (13)
1 h

£ o,
P~ % I !el s1n(0-9) *E afae
h2



My = - 3ff Ccos<e-¢)“‘—d§de (14)

2§ o, 3
Ee
“a=%§§ff Csm(e-w)“‘—dCde
[¢) 1 hz

Substituting Eq. (7) into Eqs. (:3) and (1% and then collecting terms in
accordance with the first order Taylor's series expansion of restoring force

and moment, the results are:

x| 3 e
E’" cos(9-q>)_o_ de . d$
e, 3
h 2
[+
OF £ o cos(8-9 ) |cos(8-9)
—E=-F1 %3 y © 40.4¢
P13 ° 0 1 2 ho [») 3
1 2
[o]
JF £ o sin(8-¢ ) Ycos(8-9)
Lo -8 [P, -2 —2y 240 .48
eOBCP o 01 o o 2
[o]
oF 0 cos(8-9,)
r__ 6xn 2 1
5T = g-fofgl P, 3 dedt
hy2
oF § o cos(0-9 )
r 6n 2 [
%" = I, fel P, 3 a0 .48
° h,2
(o}

h 0
o 1 o 3

sin(0-9 )
%—-%%jﬁfa P5+%§ Mk - v c‘:°s(9'q’o)cle.d§
e

hoz
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and similarly for Ft

The perturbed pressures wo

h 2

~

e cos(G-wo) de.4¢

ol

P
- .

3 § cose-g) do.daf
b2
and Ma.

. 8

P_ - ':21 g cos(e'(po) .lccos(o-q’o)d edt
by Y 3
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....P_ can be obtained from Eqs. (7) for given

values of Vo and €, and for a specified bearing geometry (i.e., L/D, OI and 92).

Under static equilibrium coadition:

Fhu = - Fro sin @o +

2 + F2
ro to
F
_ -1 to
wo = tan Er-'
ro

Fto cos @o = 0.

The spring and damping coefficients along the radial and tangential directions

are given as follows:

CK oF CK
rr

= § L
W de * W
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w 'eoaQ ? 1 6055

The spring and damping coefficients for angular motion along the radial and

tangential directions are given as iollows:

cM oM ™ M,
I g 56@_ tr g ==
R =
w2 w2 »
T R N
= a ? h A Q
wil Wil ¢

Cab . ;‘& @D, 5 M,
= , =
Ll w2 3
Cwb_, M oD, Ry
5= S35 —3o= SS%
WL WL

In performing a rotor response analysis it is more convenient to express the
dynamic coefficients in a cccrdirate system whose orientation is independent
of the static equilibri:m position. This new system, the f-n system, has the
£-axis parallel to the losd direction and the n-axis is perpendicular to the
load direction. The transformation equations from the €5 ¢o system to the
§-n system are given by:
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2 2
K“ = Krr cos” ® - K _sin o, - (Krt- Ktt) cos (po sin (po

0 tt

2 2
Kﬁn = Krt cos” @ + K _ sin ¢, + (Krr+ Ktt) cos @ sin ?

2
Kpg = Kep 08 9, - Ky

si.n2 ?, + (Kn_+ Ktt) cos @ sin ?,

2 2
K.=-K__cos ?, + Krr sin ®, + (Krt Kt:r) cos @ sin ?,

m tt

B§§’ Bén, Bng and Brm are gnalogous.

2 2
Mgg = Mrr cos @ + Mtt sin P + (Mrt+ Mtx) cos cpo sin cpo

Mg = - M,

2 2
cos” @ + Mtr sin ?, + (Mrr Mrt) cos @ sin ?,

2 2 '
Mﬂ€ = - Mtr cos cpo+ Mrt sin q;°+(M“ Mt:) cos @ sin ?,

_ 2 2 -
M _=M_cos ch+ Mrr sin ? (Mrt+ Mtt) cos cpo sin q)o

nm tt

Dgg s Dgn s D"IE and Drm are analogous

Finite Difference Equations

The pressure distribution equation is given as follows:

2 2
90,998 . (g .0=¢£ (0,0
s % 3 6

and then the corresponding finite difference equation is

1 1 1 1 1
=0 . +—>0 2 (s +——+f + == +
Agz i+1,] Af 1-1,j (A A Ssj)oij Mz oisj+1

(15)

1

o, .= f (16)
r? 13717 76,13
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where the finite difference mesh is as follows:

AX
12 P -
e - i, =~ (9)
! T
2 ‘
[ [
sz}
Nt et
¢ Nl ¢
1 , Rotation
(3) N
Figure a-2

The general form of the numerical approximation to Eq. (15) can also be re-

presented in matrix notation as follows:

Aj Oj + Bj ®j_1 + Cj ®j+1 = Fj (] =1,2........ M-1, M) (17)
where
M = number of columns
0j= vector of jth column of unknown @
Fj= vector of jth column of right hand side of Eq. (17)
Bj and Cj are N x N diagnnal matrices
Aj is N x N tridiagonal matrix

The solution of Eq. (17) can be obtained from searching for the influence co-

efficients between two successive ¢ - vectcrs and their relations can be

written as

@, =D 0 +E, (18)



-

gl

A1t

Substituting Eq. (18) into Eq. (17), yields:
-1
¢, = (A. +B,D -C, ¢ -kEE +F, 19
37 Gyt EDY [ S L A J] (19

Comparing Eq. (19) with Eq. (18), the recurrence relationship for the matrices

D, and E, are obtained as

] h|
Dy = - Ky €
(20)
Biyp = Ky (- BE + 8
where
Ry = (A, + B,D) 1 (21)

Since 01 is given equal to zero {from bLoundary conditilons), then D2 and E2
are equal to zero by Eq. (1%}, KZ is cbtalined from Eq. (21), and then Dy and Ey
are determined from Eq. (20). Thzrefore, all values of oj can be obtained from

the boundary conditions for ¢ and Eq. (18).
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NOMENCLATURE FOR APPENDIX A

B__,B__,B

rr’’rt’ tr’Btt

Bg»Ben>Bngs By

C
D

Drr’Drt’Dtr’Dtt

DggsDgys DDy

K__,K__,K _,K

rr’ rt’tr’ et

KegoKgnKngoKng

L

Mrr’Mrt’Mtr’Mtt

Meg Mg oMo oMoy
P
P

P sPyeeeen P

2 8

v

Pad damping cnefficients for translatory motion in the
radigl and tangential directions, lbs.sec/in.

Pad damping co=fficients for translatory motion iné - 1
directions, lbs.sec/in.

Radigl bearing clearance, inch
Journal diametevr, inch

Pad damping coefficients for rotational whirl in the
radial zand tzngential directions, lbs.in.sec/radians.

Pad damping ccefficients for rotational whirl in § - n
directions, Ibs.in sec/radians.

Radial and tangential components of dimensionless pad forces.

Static radizl, tangential and horizontal components of
dirersicnless pad ferces.

Radial film thuickress, inch
= h/C, Dimensionless radial film thickness
Dimensionless static radial film thickness

Pad spring coafficients for translatory motion in the
radial and tangential directions, lbs/in.

Pad spring cozfficients for translatory motion in § - 1
directions, lbs/in.

Journa: length, inch

Pad spring cuefficients for rotational whirl in the radial
and targentisl directions, lbs.in/radians

Pad spring cowfficiznts for rotational whirl in § - n
directicns, lhs.in/radiane.

File prezaure, psia
Dirensioniess £50m pressure
Dimensicnless fivst crder perturbed pressures

}

[d
e PhZ s Dimensionicas film pressure



ﬁa:u‘»

] GRE MW VR e e

latur

cont'

Static dimensionless film pressure
Jonurnal rediuvs, inch

Pad Sommerfeld numter

Time, seconds.

Axial ccordinate, inch
Circunfereatial angulsr coordinate, radians
= 2 /R, Dimensionieass axial coordinate
Viscosity, 1be.sec/in2

Angular speed of journal, rad/sec.
wt, dimensicnless time

Static eccentricity ratio

Static altitude -gle, degrees

Variable coefficients of differential equations for
film presswre in Eq. (11).

= L/D

Finite difference axfal ard clrcumferential coordinates,
sez Fig. A:2.

Nurber of circumferential aubdivisions,see Fig. A-2
Number of axial subdivisions, see Fig. A-2.
The leading angle of the pad, degrees, see rig. A-l.

The trailing angle of the pad, degrees, ses Fig. A-1l.
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PENDIX B
Dynamic Coefficients for the Tilting Pad Journal Bearing

For a given steady-state operating condition of a tilting pad journal bearing,
the eccentricity ratio and the gtcritude angle for each pad are known. Hence,
the dynamic coefficients fntr each pad film are also known (See Appendix A).
To get the dynamic cvefiicients of the complete tilting pad journal bearing, it
is necessary to take into account the inertia and the tilting of each pad.
Furthermore, when the pads are mcunted on the flexibly supported pivots, the

support flexibility muat alsc be inciu:ded in the calculation.

Consider a single pad which is free to tilt around an axial axis passing through
the pivot point. This motion is called the pitch motion of the pad. Introducing
a cartesian cocrdinate system (the £-7 systemy with the origins in the steady-
state journal center position and with the £-axis passing through the pivot
point, the motion of the pad center is parallel to the Np» measured from the
steady-state position of the pad center. Similarly, the pad has the radial

motion £_ in the £-direction because of the flexible pivot support with stiffness

P
KP. With the 8 dynamic cnefficients of the fluid film given as K&f' ng, etc

(see Appendix A), the forces acting on the journal with the amplitﬁdea £ and 7

become,
FE = - ZEE (£-§P) - Zén (n-ng) (D
Fo= Ty (G-8p) -z, (nony) (2)
where
Zgp = Kyp + iwbgg etc. (3)

The equations of motion for the pad are:
I
L ¢ .-
fp = - F, (%)

My F - K (5)
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Let the journal be subjected to harmonic motion:
it
&,n e

Then from the Eqs. (4) and (5), obtaln:
(E-Ep) = g€ + % 1 (6

(rnp) =k + ™

where: 2

1
(K, Ml,w)(zf1 -j§w)

%t =

I
* . 2 - 2, .
and A = (Z£§+ KP MP ) (zﬂﬂ Eé-w ) zgrl an

The dynamic coefficients for the tilting pad are related to the forces acting

on the journal by:

Fe = - zégg - zmr. (8)

Fo= ~ Zogf - 2y &

By substituting Eqs. (6) and (7) into Eqs. (1) and (2), these dynamic co-

efficients become:
Zgg ™ gglee * Oty 9

Zgn = %nlee * Gnlen i)
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zl
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The x-y coordinate system fcr the bearing is employed with the origin in the

=Q

133013

2, +0c,Z

né&

=, Z +a 2
En nE T onm

(12)

(13)
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steady-state journal center position and with the x-axis in the load direction

(see Fig. B-1).

F

where

X

XX

=K
XX

«Z X=-2_%
XX Xy

~& X~& Y
yx Yy

+ iws
XX

The vibratory forces acting on the journal are

etc.

The coordinate transfeormationsare:

=

cosy siny Ix

-siny cosy lY
cosy -sim F§
T si F
siny co n

(14)

(15)

Substituting into Eqs. (8) and (9), the dynamic coefficients of the tilting pad

in the x-y coordinate system tecome

Kxx= Ké& coszt + Kﬁﬂ sin2¢ - (Kéﬁ + Kag) siny cosy

mex = wBé& coazw + mBan sinzw - (wEén+ QBA§) siny cosy

ny = Kéﬂ coszw - K%& sinzw + (Kég- Kén) simy coay

way = ng'n coszw = wBT'yE sinzw + (cb!*éE - ml!;]r? siny cosy

K

yx

=K'

né

2
cosy -

Kl

&n

sinzw +-(Ré£- Kaq) siny cosy
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mByx = wBag coezw - wbén sinzw + (wBéE-wBﬁn) siny cosy

Kyy = K;y coszw + Ké& sinzw + (Kéﬂ + K%g) siny cosy

wByy = mBﬁn coszw + mBég sinzw + (wBén+ mBng) siny cosy

where:

Ki, = Re(Z,
133 { EE}
wB!,= Im {Z etc.
3 { &5}
A summation over all the pads making up the bearing gives the complete tilting

pad bearing spring and damping coefficients. These coefficients can then be

used directly in the rotor response calculations.

e Motion of the Pads

Once the amplitude response of the rotor is known, the corresponding pad motion

can be computed by means of the dynamic coefficients for the pad film.

A single pad can not only perform a pitch motion with amplitude e and a radial
motion with amplitude gP as described above, but it is also free to rotate
around any other axis passing through the pivot point. These additional degrees
of freedom are defined by the roll angle 7£ around a tangential axis and the yaw
angle 7Tl around the pivot axis (the £-axis) see Fig.B-1.The corresponding mass
moments of inertiz feor the pad are I§ and Irl and the corresponding dynamic
moment coefficients for the fluid film are ME&’ D§§ etc. (see Appendix A). The
angular motion of the rotor is defined by the angular displacements °§ and On of

the journal. Hence, the equations of motion for the pad become:

Ig 7& - Qgg (eg' 7£) + Qgﬂ (en"rn) (18)

Lo 7= Qug B = 7p) +Q,, (8,7 k1)



 — e = el P A

where

Q§€ = 13 + iwDEE etc.

it
(7£, 7*1) (7,;, 7,]) e

Solving Eqs. (18) and (19) and get:

2 2 2
I£m (an- Id? ) 5 . I w QE "
*

= |1
s * B 3 g 1
2 2 2
. I, Q InUJ (QEE- I£CD ) "
7 = —£—B§+ 6, + |1 + -

where

B = Qg Ig“’z’ @, - In“’z) " Qpn Qg

Thus, the roll and yaw motions of the pad can be determined when the angular
displacements of the rotor have been given. Similarly, the pitch motion nPand
the radial motion EP can be calculated from Eqs. (6). Finally, the force

transmitted through the pivots becomes,

Fp =8, K (20)
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Figure B-1
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NOMENCLATURE FOR APPENDIX B

Beg,BenBng By

BlisBL B B
EE’TEN TnE’ Tm
Bxx’Bxy’Byx’Byy
D..,D, ,D_,,D
EE°7En’ g’ T

F,,F
£°n

K, K, ,K_,,K
EETEN’ TnE’ T

K!.,,K'. ,K',,K'
EE*T En’ g

K _,K _,K ,K
xx” xy’ yx’yy

K
P

MegMen Mg Mon

M
P

Fixed pad damping coefficients for translatory motion, lbs.sec/in.

Tilting pad damping coefficients for translatory motion in
£-n direction, lbs.sec/in.

Tilting pad damping coefficients for translatory motion
in x-y direction, lb.sec/in.

Fixed pad damping coefficients for rotational motion,
1b.in.sec/radians.

Fluid film force components in £-n direction, lbs.
Fluid film force components in x-y direction, lbs.
Transmitted force through the pivot, lbs.

Fixed pad spring coefficients for translatory motion, lbs/in.

Tilting pad spring coefficients for translatory motion in
£-n direction, 1lbs/in.

Tilting pad spring coefficients for translatory motion
in x-y direction, lbs/in.

Stiffness for the pivot support, lb/in.

Fixed pad spring coefficients for rotational motion, lbs.in/radians
Mass for the pivot support, 1b.sec2/in.

=M+ 10D

Journal radius, inches

Coordinates, see Fig. B-1, inches

=K+ iwB

Mass moment of inertia of pad around the axial axis, 1b.in.sec2.

Mass momegt of inertia of pad around the tangential axis,
1b.in.sec”.

Mass moment of inertia of pad around the pivot axis, lb.in.secz.
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NOMENCLATURE _ (cont'd)
7€ Angular displacement of pad around the tangential axis, radians
7n Angular displacement of pad around the pivot axis, radians.
np Coordinate for pad center motion, inches.
Ep Radial motion for the pad, inches.
E,n Coordinate, see Fig. B-1, inches.
w Angular speed of journal, rad/sec.
v Angular position of pivot point, degrees.
Og,gn Angular displacements of the journal, cegrees
t Time, seconds



138-146

APPENDIX C

Microslips Between Contacting Paraboloids
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Introduction

RETTING corrosion 1s a kind of damage which inflicts
surfaces of contacting bodies when they experience oscillatory
relative movements of low amplitude. Tomlinson, Thorpe, and
Gough [1]2 found the threshold amplitude to be of the order of
107* em. It is known that the amount of damage increases
approximately in a linear fashion with increasing amplitude of
relative movement and increasing load. More precisely, following
Campbell [2], this kind of damage should be termed fretting
inasmuch as there is no evidence of accompanying chemical
action; for example, forination of paramagnetic or ferromagnetic
iron oxides with steel surfaces and of accompanying abrasive
action of the oxide particles or oxide films. Although not well
understood, there has been increasing evidence of correlation be-
tween fretting and microslips; for example, a review by Johnson
[3]. The theoretical and experimental bases of the work of
Johnson and several others recently have their geneses in the
work of Mindlin [4], Cattaneo [5], Mindlin, Mason, Osmer, and
Deresicwicz [6].

The present investigation is characterized by: (a) A general-
ization of the Hertz problem, within the classical infinitesimal
elasticity theory, for fourth-order paraboloids in contact; (b) a
corresponding generalization of the Mindlin problem; and (c) the
optimization of the shapes of the paraboloids for minimum micro-
slips. Of course, the paraboloids refer to bodies with paraboloidal
surfaces at the contact region, the shapes of the bodies far re-
moved from the contact region being irrelevant within classical
contact theory.

A Generalized Hertz Problem

Integral Equation Formulation

Under the classical Hertz assumptions, the contact problem of
two elastic bodies is reducible to an equivalent punch probiem;
that is, the problem is reduced to that of finding the single-layer
potential [7].

p(a', u'Miz'dy’

\I’(Iu v. z) = N [“(I —z') + v — y,);+ z,’l/,!

(1)

! Now Assistant Professor. Assoc. Mem. ASME.

3 Now Acsistant Trofessor, Mathematics Department.

3 Numbers in bruckets designate References at end of paper.
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1967, of THe AMERICAN SoCIETY OF MECHANICAL ENGINEERS,

Discussion of this paper should be addressed to the Editorial
Department, ASME, United Engineering Center, 345 East 47th
Street, New York, N. Y. 10017, and will be accepled until one month
after final publication of the paper itself in the JoUrRNAL OF APPLIED
Mecranics. Manuscript received by ASME Applied Mechanies
Division, July 21, 1966; final draft, January 17, 1967. Paper No.
67—APM-12.

Journal of Applied Mechanics

has been shown in an example that the annulus of slip may be reduced by 60 percent
while the maximum slip may be reduced by 90 percent.

where (z, y, z) are the coordinates of a generic point in or on the
surface of the contacting body, (z’, y’) are coordinates in the con-
tact region Q at which the normal pressure is p and z is perpendicu-
lar %o the contact region, taken to be flat at z = 0. The potential
is moreover subject to the boundary conditions

2r
2,90 = ——[8 —F, - F in Q 2
¥(z, y, 0) o + 0 ) 1 2 n (2)
and
aq'] =0  outside Q, (3)
oz 2el)
where ; = L= are material constants composed of p;, the

G;

Poisson’s ratio, and G;, the shear modulus, of the ith member of
the contacting pair. 8 is the norrnuli closing-in of the bodies while
F\(z, y) and Fa(z, y) describe the surfaces of the contacting bodies
in the neighborhood of the contact region. Equations (1) and (2)
may be combined to give

% + 0. p(z’, y')dz'dy’

7. (4
2w Jol@ =2+ -y »

6—F —F =

Therefore, the pressure distribution over the contact region Q
is determined by the integral equation (4). Equation (2) can be
used to determine the contact region; it is the locus of points at
which

6 — F, — Fy = const (5)

For this investigation the surfaces z; = Fi(z, y) and z2 = Fa(z, y)
have been assumed to be fourth-order polynomials:

Filz,y) = Az? + Agy® + Ax¥y® + A -+ Ayt (6)
and
Fi(z,y) = Biz* 4 By® + Bua*® + Ba' + By, (7)

where, for simplicity, the symmetry with respect to z and y has
been introduced. It should be noted, however, that this restric-
tion is not essential for u generalized Hertz analysis.

Within the classical contact theory, it is convenient to define
the “‘apparent geometry ¢ such that

¢ = Fi + Fs = bia® + bu? + bz® + bzt + buy*  (8)

withb; = A;+ Byi=1,2,...,5.
The function ¢ satisfies the conditions

$(0,0) = 8,(0,0) = 6,(0,0) = 0

By virtue of equation (8), the single-layer potential must then
satisfy




¥ir, y,0) = - @) in §. 9)

'y + 0
Further, the contact region 2, in view of equation (5), is circum-
scribed by a closed fourth-order curve. Unfortunatdly, there are
no known potential functions constructed in a fourth-order curvi-
linear coordinate system. In order that the subsequent shear
problem may be solved in a manageable form and from shich the
microslip ean be computed, it is desirable to find the normal
pressure z(z, y) in closed form. To this end, it is assumed that the
contact region {2 is bounded by an ellipse. It will be seen that
this assumption, together with the classical Hertz assumptions,
in general, lead to unbounded pressures along the periphery of the
contact region. This will be circumvented by gencrating the
apparent geometry in a more restrictive manner.

Dire:t Formulation

Alternati-ely, the method of direct construction of the poten-
tial function [7] may be used:
Let p, u, v be the elliptical coordinates such that

er? = a’pluty?
(1 — efety? = a(p? — e?)(u? — e?)(e? — p?) (10)
(1 = e*2* = a¥(p? — 1)(1 — u?)(1 = »?),
where
0< i< et
efSut<1 (11)
1< p’<
and e is the eccentricity while a is the semimajor axis of the
ellipse. The surface p = const is an ellipsoid, given by ‘;::—; +
2 2?
a’(p:I—- e?) + a(p* — 1)

- 1= 0. Hence, the limit of p — 1

yields an elliptic disk forz = 0,
z? y!
at " a1l - ¢?)

-1=0, (12)

which is suitable for describing the contact region €.

In the general elliptical coordinates, the harmonic functions are
products of Lamé's functions, each of which depends on ouly one
of the coordinates p, u, v.

Suppose F(z, y, z) is a harmonic polynomial which is capable of
representation in the form

F(z,y, 2z) = R(p)M(u)N(v), (13)

where R(p), M(u), N(v) are Lamé’s functions. Tlen on the sur-
face S; of the ellipsoid p = p,, the function assumes the value

F(z, 1, 2)|pep = R)M(WN ), (14)
where z, y, 2 must satisfy
Z' y! l’

a’py’ + al(pt — e?) * afpet = 1) e

If equation (14) is of the given distribution over the surfuce So,
then the harmonic polynomial F(z, y, z) is the solution tc the
internal Dirichlet problem.

The second solution, the solution to the external Dirichlet
problem, which vanishes as p— « is

Yip)

Gz, y,2) = Vo

F(z,y,2), (15)

where

SN
¥(p) = j" _A(MR’—()\—) (16)
with
A\) = [(A\? = e))(A? = 1))'/, (17)

By considering the internal and external Dirichlet problem:s, the
pressure distribution over S, may be constructed:

F(‘r Y, ‘-)|ﬂl
m [(po* = w?)(pa? — »1)]"/ 22 (py)R?(po)’

p(x, v, 2)|s = (18)

For p = 1, the surface S, degenerates into an elliptic disk €2, and
equation (18) reduces to

F(z, y,0)
2ma(l — e2)''L''RY(1)

plz,y) = in Q, (19)
in which
b? = a¥(1 — ¢?)

and

z? y?
LB(I_F_F) (20)
In the determination of pressure distribution p(z, y) in the con-
tact region (2, the task is to seek a proper combination of har-
monie polynomials ot different order which will yield the correct
boundary value specified by equation (9).

Solution

By the method of superposition, it is found that the required
potential function for the external Dirichlet problem may be
represented by

OO 20 N 1) ¥a?(p)
¥ “ o T ) Y2 () e
W« (P) ‘h (P)
+ ev J(U( ) NORNRPNU RS ¢"’(no) W
+ e t“.“_)(;_) w®,  (21)

Referring to equation (19), the pressure intensity corresponding
to the potential, equation (21), over the elliptic contact region is

1 Coto ex(Vggy(M
Pz, y) = 2—raii — )ALV \(DRA(1) e (1)[ReM(1))?

D

—_— 22

* +w.<-'u>m.wu)1*}.-3 o
-

The harmonic functions wy, wa®, . . ., w¥, are given in the Ap-
pendix. They are in the form of products of Lamé’s function.
In particular, these are ellipsoidal harmonies of first species and
of zeroth, second, and fourth order. From the theory of Lamé’s
function, equation (21) evaluated at p = 1 represents a fourth-
order polynomial which is symmetric in z and y.

Using the Cartesian form of we, ws'V, we'®, . . , w¥ (see Ap-
pendix), and combining equations (8), (9) and (21), the constants
co, 2V, . . ., &V are uniquely determined in terms of the parame-
ters ,f the apparent geometry. Hence, the pressure distribution
over the contact region is found. However, this solution is singu-
lar at the periphery (X of the contact region unless the terms in
| | in equation (22) contain the factor L.

Inverse Method

Clearly, the aforementioned statement is not always true for
any apparent geometry. To avoid this difficulty, an inverse
method is introduced as follows. Assume that the pressure dis-
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tribution vanishes along O, then factorization of L for terms in
| | is permissible. The pressure distribution must now take the
form

z? u*
- - (23
a’ 25 S h’) )

where ay, as, a; are constants which can be determined.

Rather than prescribing the apparent geometry, one seeks the
geometry for a specified pressure distribution.  In so doing, the
aforementioned Dirichlet problem is converted into a Neumann
problem which is only determined within an additive contant.
But in this case, this arbitrary constant may be determined by
requiring the apparent geometry ¢(z, ) to vanish when r =
v=0.

Expressing Lamé's funetion in Cartesian form, the intensity
given by equation (22) may be written

+
u’(m - )

(1) z?
+ (o9 = 1)%0(1) ((1’47; + ’(a, - e ) )

plz,y) = L'/ (m + s

I_'/’ )

(z, -
plr,y) = ey \Ke)

+ PRy x
(oy —~ ll’«l“'(l) aty,

4 ,! [ e'm " n
1V + M+ D) 2
(‘l’l yllﬂ

3 7§ D) 3o

¥ un]
+ - - —
(7@ + 7™ + Dt3(1) 7

4 'Y“'+"" )
AT s oy tgh o gt

T e
Y 4 2e? )

C (2
+ (7:“) -+ -h(;Jr—.*_‘])}‘llr(‘) (-;,n» - -’.I(:y,J + et

("“

v [
(D + N+ g

c‘(l) 137 + Dt
O F e+ g (w*' + T 57«_‘)]
, = eV
* ; [(7')'1“) + 7t + li‘pc"'(il'}:"’

o

T F o+ Dy

)
(7e® 4 1@ 4+ 1) |}7—,A_a:]
z"y’[ PRS] 29,0 4 (D2
X a* L + 110 4+ 10(1) \ 30 (0 4 e 4 (¢))

e ( (2 4 (B2 )
(71"’ + 7+ 1)%1:)(1) P (2 4 7, Dt 4 of)

% R 29 4 gy et
(s 4+ 7 + DY) \7: V(120 + 7, Vet + ¢f)
et

yi_
[(‘Yl“’ + -wn 4.  BUUE Al)(-Y.ll' + 71Ve? + ¢4)
ALl

A+ RO + e + e

e®
A+ D+ Ve + e‘)]

PR e
Iy +
[(w" + W+ D) T (e + 9 4 )

+ — . (29)
(79 4 7Y + I (1)
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In order to determine the constants e, 2V, . . . e/'¥, equate equa-
tion (23) to equation (24) and collect coefficients of like powers of

zand y.  This process yields
& sl e
Kie) ~ (o — WeD(1) (a2 — 1)%s®(1)
P PEY
P b+ ) T e e+ )
. PC]
i + = "’T]).w_“;(l) = 2mbay, (25)
etV c'®
(o, — 1)%'V(1)a, + (og — l)’Tﬁ;Wl)-;
o PR
+ (=" + 7 m 4 |)¢‘m(13 -;,Tn
o 7
b 7 + ‘Yn”’ + le. n(1) '7:"’
ll‘ 1'(’1
+ (7 ¥ ’Yn"' PR 7 o = 2rbla: — an). (26)
e e
@ — e — e (1) T (a1 = Dias — eai(1)
R ,':"“v ( 7 4 22 )
(7D A D+ DY) \ 720 + yier 4 o
, " T
(Y22 + 7P 4+ DY (1) \ 72 + 7,e? + et
@ 7@ 4 2¢?
" (7™ 4 e = i)lﬁ“"(f) ('Yl("-+~';l7"};+—¢‘)
= 2rblas — ay)/(1 — e€?). (27)

0 (AL
(Y2 A 7 4 D)y + (7Y 4 ¥ + DY@ (1 )y @
e ®
B e ————
(Y29 4 7@ -+ DY@ (1)ys®
) PR ( 2 R e )
(70 + 4 4 |)¢,‘\|\(” YO (D) 4 i (Ve? 4 ed)
Pt ( 2950 4 7, (De? )
T+ D) \ 9O+ y@e + o)
27: + v, e? )

—2rbas.  (28)

(I)
5 2 (v + -\, @ 4 |,¢‘u.(” (%m(.y,m + 'YI"'C’ + e4)

= —2rbla: + a3)/(1 — €*) (29)
and
l“‘“
;71‘;’T‘;1"' ;?'_l )—%“’(l)(—?’;'w*'—e‘)
C‘")
s 4 DO+ e e
e®
T F 1+ DR ) + 7 + o)
= —2mwbay/(1 — €)% (30)
From equations (25) to (30), the constants ¢, ¢V, ' ., , e

may be solved uniquely in terms of the parameters a,, as, and asy,
provided that the quantities a, ¢, and § are given.

Auxiliary Conditions

Actually, these quantities have yet to be determined through
three additional equations. For this purpose, the following
suxiliary conditions are recalled:

Equation of equilibriurs,




Q= plx, y)ydzdy, (31)
0

where Q is the load applied to the contacting bodies.
The displacement,

w(0,0,0) = §; (32)
and the condition,
@(0,0) = 0, (53)

For the pressure distribution given by equation (23), the “clos-
ing-in"" may be computed in terms of parameters a,, ae, and a;.

) + 0, plx, y)
= w0 0 0) = - -
6 = wi,0,0) 2 f, @+ g drdy

l,l -~ l’i
ir a

Letx = ar cos ¢ and y = brsin @, then J = abr, L'/t - (1 =
)" and (2 4 y?) = ria' cos? ¢ + b? sin? ¢). Using the
above, equation (34) becomes

s ¥+ O - x rl (1 - rz)'i"alfd‘rdgi
2r | : 0 o (a% cost ¢ + b?sin? )/
+ a (2" V(1 = )5 cos? gabdrdg
a* J, o (atcos' @ + b?sin? @)/t
ay 2r V(1 — ) b2 sin? ¢drde .
+ —— (35)
2 o (a*cos* ¢ + bisin®@) "

If @ > b, the eccentricity is defined as

L' (a. + :: !+ :: y’) dxdy

(z? ; y”;”' (34)

a® = h?

a?

N
¢! =

Then equation (35) yields

9, + J

: 2

h {a,l\'(r) + :" |Kie) — Die)] + ‘:’ I)(r)},
(36)

in which the elliptic integral K(e) = F (E, c) and D(e) =
&i—_‘l‘:(ﬂ

- , Flg,e) is the Legendre standard form of the first

kind, E(e) = E (g N r) and E(g, ¢) is the Legendre standard form

of the second kind.
The equation of equilibrium can also be integrated to give

Q = 2mab (f;' + af + av’), (37)

Theoretically, the nine equations, equations (25) through (30),
together with equations (33), (36), and (37), can be solved simui-
taneously for nine unknowns e, €2V, . .. ¢/® and a, ¢, §. The
task of solving the previous nine transcendental equations is,
however, simplified by prescribing the eccentricity e. The -
verse method will proceed in the following manner. Let ay, a,
a; and ¢ be given. From equations (36) and (37), the semimajor
axis a and the closing-in § can be determined. Then by solving
equations (25) through (30), the numerical values of e, eV,

. c'¥ may be computed. Then, determination of single-layer
potentinl, equation (21), follows. Finally, in view of equation
(9), one finds the apparent geometry

r,y) =8 - "’j 2
w

Wiz, y 0) in €, (38)

ENLARGED
CONTACT AREA

Fig.1 Schematic di of the contact configuration and contact area

which, in general, does not satisfy equation (33). But with an
arbitrary additive constant in the potential W(x, y) at one's dis-
posal, equation (33) can be enforced. Ti-us a class of compatible
geometry is generated.  Obviously, there are infinitely many ways
to decompose ¢(z, y) into F(z, y) and Fi(z, y). However, to make
the solution meaningful, one must select according to the follow-
ing generai principles: (1)  Both bodies must be convex in the
horizontal cross section; (2) the nose of each must be “blunt;”
and (3) for design purposes, the selection can be guided by prae-
tical considerations,

Points 1 and 2 were used to safeguard against physical incon-
sistencies in the subsequent numerical example. To simplify the
analysis of the subsequent shear problem, it will further be as-
sumed that the pressure distribution takes the particular form

pla, y) = aul'/* 4+ aul'? (39)

where the pressure is constant along any homothetic ellipse.

In the generalized Hertz problem, under the same assumptions,
the apparent geometry need not be restricted to fourth-order
polynomials. The previous analysis may be extended to ap-
parent geometry of higher-order polynomials by construeting the
potentia! function of Lamé’s produets of higher order.

A Generalized Mindlin Prchlem

Formulation

Consider a force T, tangent to the contact plane and acting
on the contacting body in the r-direction, superimposed on the
normal force problem. The contact area is an ellipse, L = 0, as
indicated previously. Mindlin [4] has shown that if slip is not
permitted between the bodies, then the shearing stress generated
would become infinite on the periphery of the contact region.
Thus slip must oceur on physical grounds and it progresses from
the periphery to a homothetic ellipse in the interior of the contact

r 2
region. Let this ellipse be denoted by L* = 1 — (“f) -

2
(ivr) = () where 0 < { < 1. The region interior to L* is the
loehed region, see Fig. 1. Let £, and (L denote the locked and
slip region, respectively.

It is assumed that the shearing stress in the contact region
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cannot exceed the frictional foree between the bodies. Hence,
it must be no greater than —upiz, y) where u is the coefficient of
friction and p(r, ¥) is the prese re intensity found from the
generalized Hertz problem.  The appropriate boundary condi-
tions for the shear problem are:

, 6. )
wix,y 0) = e~ const

2 in £, (40)
vz, y, 0) = 0 ‘
T @ 0, 0) = —upix, y)
“ \ in <, (41)
Tw"" 1) =0 '

and

-
SEnm =0 =04 G 42

2

g,/ (x, 4, 0) =

in which (w’, v’, w’) are the displacement components in the (x, y,
z-directions emanating from the shear problem, 8, is the rigid-
body displacement in the tangential direction, and (7,,', 7,,’, 7,,")
are the shear and normal stresse< emonating from the shear prob-
lem. Further, the stresses on the surface outside the contact re-
gion must all vanish;ie.,

T = 7T

W =0, =0, (43)

The elasticity problem with the previous boundary conditions
is equivalent to the problem of preseribing

' y') = -1, frpa v in &
! s '}lp‘!’, !I’) s B)’.‘“' -ﬁ:L-' ill Ql
(44)

and
T, =0, =0 ind=0 +M%

Equations (44) may be considered the superposition of two
problems, the boundary conditions of which are 7,," = 0, = @

in {2,
iz, y') = -1,/ = up(z', y') inQ=9Q +Q (45

and
te' y') = =1, = =BiL*" = BL'**in Q. 146)

Solution

Using the fundamental solution from the problem of a con~en-
trated shear force on an elastic half space as the kernel, and in-
tegrating it with equations (45) and (46), the boundary condi-
tions (41), (42), and (43) are automatically satisfied. The dis-
placements on the surface in the required loading are:

2
2rGu'(z, y, 0) = f Or, y, N)d\ — »
0

2x
Xf Olr, y, A) sin® Ad\, (47)
«

in
2eGr'(x, y, 0) = yf Oir, y, \) sin A cos A\, (48)
0

2
2eGuw'(x, y, ) = vf Ox, y, A) cos Nd\, (49)
0
plN)
0 = f tix', y'p. (50)
0

Finally, the unknown quantities {, 8;, and 3; are determined such
that boundary conditions (40) are satisfied.

Let tx, y) = xL'"* + xl'* represent equations (43) and
(46) in their respective regions; i.e.,
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2 : .
X o= pay, Xy = pa, L=1- il in 1 (51

and

= —f, x: = =0,

r\? v \? N -
L=1-= (a(‘) - (h;‘) in{h. (52)

Using the transformations
' —x=pcosh; y —y = psinb, (53)

where z, y represent coordinates for interior points of {,.  Equa-
tion (50) may be reduced to

@ w X (;;Q’ + :,'!\ % :lx,.r (,‘ + ‘b.:): 1 ()

4 e &/ Vo,
where
zceos N ysinA cos! N sin® A
W= at ® ! Ll a? * ut

The dot over the equality sign denotes the fact that the re-
maining terms of equation (54) do not contribute to the integrals
(47), (48), and (49). For the previous loading, the displacement
in the y~direction is (fora > b)

b -
2rGr’ = pr(2% + 3xs) ] [(2 = e*)K(e) — 2E(e)]zy

— v ~b— [(8 = 5e?)K(e) — (8 — e?)E(e)]x?y
a‘e®

8 — 7e
= i b A [-(s — 3e)K(e) + ¢ : ”. )E(r)]zy’. (55)
-

a'e

where K(e) and E(e) are complete elliptic integrals of first and
second kind. Ience, for the loading defined by .« uations (51)
and (52) and the satisfaction of conditions, equation (40), two
relations for the unknowns {, 8, J3: are found:

1
u(2a; + 3as) — B (28, + 38:) = 0 (56)

and
pas — ?: e (57)

The third equation is obtained from the equilibrium eondition;
ie,

- f t(z, y)dzdy = p fpu,y)d-rdy
a Ju
= f [BiL*'/r + BL***)dxdy
h

2 2
- uQ - (., Bi+ d:) bt ()

Therefore, {, 3, 8: are completely determined if ay, az, Q, T', and
u ure prescribed. Under the conditions (56) and (57), the dis-
placement in the zr-direction for the locked region (@ > b) is
found to be

2rGu' = bexle) in (59)

r-u(ar+‘2a:)—(ﬂn+jﬁt>f 60)

where




and

x(e) = K(e) — :, [Ee) — (1 —e)K(e)] a>b (61)

The function x(e), multiplied by 2, is 2uad,’/p, us given in

Fig. 4 of reference [4].

The displacements in the annulus of slip have been evaluated.
Those portions of the displacements which correspond to the
loading defined hy equation (45) are integrated #nalytically while
those which correspond to the loading defined by equation (46)
can be integrated numerically. The expressious fur the analytic

portions are:
zt y*
2xGuy" = Ui(e)l. + Usle) —— + Usle) . + Uile)l?
a? b2
+ l's(t)l. + !‘(’)[l + lr(P)L
2 0 "
+ Usle) :—, :; + Ugle) :‘, (62)
where
z? y*
Il =1]- a-! = b;
U.{e)
e S (1 — v)K(e) + vD(e),
v(l —
YO _ ko) - by + "1 1K) - 2000,
paymh
U®) _ pey — % (Kee) = (@ — endee)l,
panmh e
Ude) _ (L=w)K(e) v
pas3wh/2 2 + 5 Dee),
Us(e)
pas3wh/2 K(e) = Die) + [K(e) — 2D(e)],
l;’.(e) _ 1 .
pasmb/z ~ D@ — 4 [K() — 2 — e)De)],
U(e) 1,
pa3rh/2 6 (K(e) + E(e) = D(e)]

(1—c¢e
s Bl

Q—eP|@—3), . _8—7
+”{ ¢ [ 6 KO = g1 a)E@

2
) (K(e) = @ = enDe)]

ot

“;‘:;:;/2 = :! [Kie) = (2 = e*)D(e)]
+ ".”-e— “ [4K(e) — (8 — e1)Dle)],
Usie) L
R [-e'Flr) = (14 e)K(e) + 2D(e)]
_ b:.’ (7 + e)K(e) — (3 + 2e1)E(c) — 8D(e)]
and

b? ¢
2rGry’ = vrp(2an + 3as) 5 Vile) :;: (63)

Fig.2 Working di of the contact region showing ters used
in equaticns (“). (65), and (66)
b oy b z ¥ (63)
B = @b e, Vite) a b (Cont.)
where
Vile) = l‘ ((2 — e?)K(e) — 2E(¢)]
Vale) = :‘ [(8 — 5¢*)K(e) — 8 — e?)E(e)]
and
- B «— g8
Vite) = L= [—(s — 3enKie) + S =€) E(.-)]
et (1 — e?)

For the loading defined by equation (46), the integrals for the
displacements (in the annulus of slip) are:

A2 Az
2rGuy’ = f O(x, y, \)d\ — vf O(x, y, ) sin? A d\, (64)
A ]

Ar
2rGr:’ = vf Oz, y, N\)sin A cos A d\, (65)
A
where now
p2(N)
Oz, 4, \) = f uz', y'Mdp (66)
piN)

The limits of the integrals are defined in Fig. 2. These are inte-
grated numerically. With these numerical results, the displace-
ment in the slip region are:

u' = w' + u' (67)

and

v'=u' 4+ v (68)

Microslips

Numerical results are obtained for bodies of the same material
constants, @ = 11.5 X 106 psi, and v = 1/3; the normal force
Q = 301b, and the ratio of the shearing force to those of normal
force 7 = 7'/Q are taken at convenient values. The coefficient of
friction is taken to be 0.35.

The quantity { define, the annulus of slip. Fig. 3 shows that
{ depends on the ratio a:/a;. Further numerical results show
that { does not depend vi the magnitude of the Hertzian pressure,
a;. For az/a; = —1, the slip region is minimized for nonadher-
ing bodies in contact.  For this case, the slip area of the fourth-
order theory is less than 40 percent of the second-order theory.
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Fig. 3 Plot of { versus the ratio as/a;.
r=T/@v=1/3,G = 11.5 X 10°psi, ¢ = 30 Ib, x = 0.35

The slip in the z-direction is defined by:
§=20, —u'

Fig. 4 shows the slip for a typical case of close-fitting ball-and-
sochet configuration.  The slip increases monotonically from
L* = 0to L = 0. Shewn in Fig. 4 is the slip at the periphery of
the contact region L = (. The maximnm of this slip occurs at
90 deg from the direction of shear. Further, the slip is 5, mmetric
with respect to z and y-axes. It is seen that the slip for the
fourth-order theory, for the case of as/a; = —1, is less than 10
percent of the second-order theory.

Similarly, the displacement in the y-direction is also computed.
It is found that this is antisymmetric with respect to the z and
y-axes, being positive in the first quadrant. The magnitude of
this component of displacement is less than one percent of those
in the z-direction.

For the cases shown in Fig. 4, the apparent geometry for the
second-order theory in the neighborhood of contact region is

¢ =z*+ ¥
The corresponding apparent geometry in the neighborhood of the
contact region from the fourth-order theory is
¢ = 2 + y* — 2.875 X 103(z2 + y*)*

Also, Table 1 shows a comparison of several parameters between
the Hertz-Mindlin theory and the generalized Hertz-Mindlin
theory.

Table 1 Comparison of the Hertz-Mindlin and the generalized Hertz-
Mindlin theories

Generalized
Hertz-Mindlin Hertz-Mindlin
2x(8; (Ib/in.) 43.3 X 102 4.25 X 102
a; (Ib/in.?) 1.92 X 10 3.68 X 10¢
a» (Ib/in.?) 0 —3.68 X 10¢
¢ 0.3056 0.8074
B (Ib/in.?) 0.205 X 108 0.497 X 104
Ba (Ib/in.?) 0 —=0.677 X 10¢
a (in.) 0.864 X 102 1.563 X 10-2
e 0.05234 0.100
T 31419 X 108 v.1604 X 10°¢

It ix ~een that the fourth-order theory provides a means of con-
trolling the size of slip region and the magnitude of slip. Hence,
an effective way is found to reduce one of the causes of fretting by
making the nose of the contacting bodies conform to the ap-
parent geometry generated by the fourth-order theory.
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APPENDIX
The elliptic harmonics of the internal Dirichlet problem are:
w =1
I . A
a*oc; a*o; — e€*)  a%o; — 1)

W = 1 i=12

z? y? 2?
) = o =
e (3|“') i 0,9 — ¢? i 6, — 1 )
r? w 2t )
- 1), - 1,24
X (o..-m too -t oo ) him %
where

l 1
Oz = 3 [(1 4 ¢) (1l —c+e')7

0% + 029 = =D
0,10 = -
Y o= A e)ip, = 16)/ 14




' Y9 = —elp; = 16)/7p;
and
p; are the rcots of the cubic equation
208e?
3 — 20p? 4 64 4 —
BES Spt "[ +(1+e*)=]
64(!1{’

(14 e1)?

The elliptic harmonics of the exteraal Dirichlet problem are:

® dA
= yy— = —_ -— '/!
Woggy J:, ALY A\) = [(A2 = en)(\? — 1)]

L B B R P

=0 0<e< .

Wayy (1) = ® ___L. wq
: , A)@, =\

and
W = ) B : w®
o . AN 4 7 ON2 4 y9)2

Further, note that

® dA
Wolpat = fl T T K(e)

K(e) is the complete Legendre elliptic integral of the first kind.

where

Printed in U. 8. A.
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APPENDIX D

Computer Program for Determining Microslip
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APPENDIX E

Marh. PROGRAM FOR BALL = SOCKET DESICN CURVES
CIMENSION AQL(100)+A02¢100)oX(€)9C(E9T)9CL206)9EC(6)9Q(10),
A TAU(L1C)

102 FORMAT (€éF10a1)

103 FORMAT (6E10.2)

111 FORMAT ('C7X"AP 13X R 12X CEL 11X *PMAX LIOX O SMAX 12X UL 12X RAD 12X
1'A1013X'A02')

112 FCRMAT (SEl4.4)

116 FORMAT ('1 LOAD IN POUNDS = '4,Fl0.1)

202 FORMAT (51545492E1061)

US=0.

UL=0.

E = :CS5

ES «C025

€K = 1.57187

CALL SETUF (D,C)

READ (1,2C2) NCyNALyNAZ2 MS,NTsAMINAMAX
READ (1,102) (Q(I),I=1,4NQ)
READ (1,1C3) (AOD1(I)y,I=1,yNA1)
READ (1,102} (AD2(I)eI=1l,NA2)
IF ( MS) 414,414,415

415 READ (1,102) U4PR
READ (1,1C2) (TAU(I)oI=1oNS)

414 DO 21 1A2=1,NA2
CO 21 IQ=1,AQ
WRITE (3,116} Q(icC).

WRITE (3,111)
CG 21 MT=1,MS
If (MS) 41044109411

411 CALL BETA (ACL19A02,TAU UyMTB10,820,GANM,1A2)

410 CO 21 IAl=14NA1
Al=A01(1A1)

400 A2=202(1A2) «p]
AB=Q(IQ)/(6.28329(AL/3e =A2/54))
Y=SCRT(1l.-ES)

AA2=AB/Y
AA=SCRT(AA2)
BA=SCRT (AB=Y)
Y=6.,2832%EA
C(ly7)=Yu(A1-A2)
D(247)=Y0(2.0A2 - Al)
C(347)=C(247)/(1e=ES)
Cl447)= =Yah2
0(5'7) = 20'0(‘!'7'/(10-55'
C(&sT)=C(4yT)/(1le=ES)anaQ
C(1,7) = C{le72/70(1y1)
DC 8 [=2,46
Lli=I-1
SUF=C.
DO 9 K=1,L1

G SUM=SUMED(TsK)*0(K,7)

8 D(I147) =(Cile7) =SUMI/DILI,1)
A(6)=0(6,47)

Al




il

iC

5C0
501
5C2
413
412
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L2=(r=-1)
SUM=Q0.
L3=6-1

CO 11 K=L2,6

SUN=SUM ¢ D(L3,K)*X(K)

X(L3) = DIL3,7) =SUM

CO 19 I=i,2

tC(I)=C.

GO 19 J=2,6
EC{II=C(I,J)eX(J) & EC(I)
ECLL)=EC(1)/7402 a(=14)
EC(2)=EC(2)/0A2242 a(=-1.)
IF (N1) 5C2,5G2,50C

IF (EC(1)=- AMIN) 21,501,5C1
IF (EC({1)= AMAX) 502,502,21
IF (MS) 412,412,413

CALL SLIP (AlyA2,B10,820,GAMeAByUS ULy U,PR)
CEL = <59 BA®EK a(Al=3.0402/4.)
=]A2

PMAX = Al#SQRT(=-A02(1)/3.) & A2 #SQRT((-A02(I)/3.)ee3)
WRITE (39112) EC(L)9EC(2)90ELPMAX USoULoAA AL ADR(T)
CONTINUE

sTopP

END




399

400

401

402

403

404

SUCRQUTINE BETA (AOL1,A02,TAU,UyMT,Bly B2y GAM,1A2)

DIMENSION AO1(10C),AD2(1C0),TAU(10)
TOL=.005

C=.02

GAN = .8

FT=U = TAU(MT)

FS=FT

Al = 1e/(le/3e = AOZ(IAZ)I5-)

A2 = AQ2(IA2) «Al

G=U»A2

H=Un(2.%A1 € 3.0A2)

L=0

IF (GAM) €8,399,399

82 = Ga«GAMa=)}

Bl = (GAM«H - 3.%B2)/2.

FC = (54281 & 3.9B2)eGAMenQ

IF (FC) 4,4,400

IF (ABS((FC-FT)/FT)= TCL) 8,8,2
IF (FC=FT) 3,8,7
IF (Bl) 5,5,4

[F (L) 4C24402,401
C=C/3.

L=C

GAM = GAM & C

GO T01

IF (FC=FS) 74796
FS=FC

GO TO 4

FS=FC

IF (L) 404,403,404
L=1

C=C/3.

GAM = GAM=C

GO TO0 1

RETURN

END
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SUBROUTINE SETUP (0,C)

DIMENSION C(647)4C(24€)

L(l,1)
D(1,2)
C(l,2)
C(ly4)
D(1,+5)
D(ly€)
C(2,2)
D(2,42)
C(2,4)
D(2,5)
C(24€)
C(3,2)
0(3,4)
C(3,5)
D(3,¢)
Cla,4)
D(4,5)
C(4,6)
C(5,5)
C(546)
C(6y€)
C(l,2)
C(l,2)
Cl(ly4)
C(l1l,5)
C(l,6)
C(2.2)
C(2,2)
C(2,44)
C(2,5)

0.63613E00
=0.4CCC5EO01L
=0.2¢670E01
0.36485E01
0.60918ECC
C.91216ECO
0.38149E01
0.356C4E03
=0.19474€04
-C.505€E8EQ0C
=0.12229C03
=-0.27196EC4
=0.54734E01
Ue3117CE-0S5
=0.342C2ECO
0«29718EQ7
Ue.56770E-C6
C.18285€E-C3
0.13521€E02
0.241€1E03
=0.1C85GEQ4
G.14991EC1
0.80058Eu3
=0.3201CE04
=(0.4G8C1EQ1
=-0.80402E03
0.0
C.0
C.12804EQ7
Ce43535E01

Cl256) = 493647EC3

'RETURN
ENC

Ab
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403

SUBROUTINE SLIP (A1,A2,81008209GAMyABoUSyVULsCOF4PR)
DL = .02

CF =2 (Al1/3. =A2/5.)

Bl = BlO«CF

82 = 020« CF

AA2 = AD

AA = SQRT({AA2)

fA2 = AD

LA=AA

CC=3.141594+BA«COF

C= COFa(AlC.759A2) = GAMe(R1lE,T59R2)
U3=s ,786 = PHRa,59]

UT= 295 =PR*.236

UL = BA#Cv(9.87 = PR®4,93)

DR = AA«GAM/1Ce

TH = 4,7124
S = SIN(TH)
C = COS(TH)
X = =ApA «C

X2 = Xaa2

Y = =BA «§

Y2 = Yean?

AS = AA2eCAMne2
BS = BA24CAMen2

l = ABS(BSaX2 & AS*Y2 = ASeBS)
Z=SQRT(2)

TANI = 2/8S

TANN ==-2/AS

XLI = ATAN(TANI)

XLN = ATAN(TANN)

XLN = XLN € 3.14159

TL = TANI

Z = ((X9BS & YuASeTL)/(BS 6 ASeTLe02))ee2
R1l = SQRT(Z#(le & TLE®2))

XLl = XLI € -CNB75

S1L = SIN(XLL)

ClL = COS(xL1)

UFl = FReS10a2 = ],

R = AES(le=(Rl11eCleX)002/AS = (R11eS1=Y)0e2/BS)
R=SQRT(R)

R = BleR & E2#R#a}

Wl = UF1L « R

TL = S1/C1

28 = XwBES € YeASeTL

ZA = BS € ASeTLea2

IR ABS(ZBna2 = ZAe(ASeY2(BSeX2=AS*BS))
ZR=SQRT(ZR)

21 = (28= ZR)/ZA

22 = (/REZR)/LA

TL2 =~ TiLew2

R21 = ABS(Zlew2e(1,ETL2))
R21=SGRT(R21)

R22 = AlS(Z229020(1,E6TL2))
R223SQRT(R22)
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11

12

13

408

409

U= Wlv(R22=R21)eDL/4.
R11 = R21

R12= R22

NL = ABS((XLN=XL1)/0L)
CO 9 IL=1,NL

XL2 = XxL1&0L

Wl = 0.
W2 = 0O
§2 = SIN(XL2)
C2 = C0OS(XxL2)

UF2 = FRaS2%42~1,
IF (ABS(S2)=4599) 12412911

TL = C2/52

TL2 = TL#s2

28 = BSaXxaTL €& YeAS

2A = BS«1L2 € AS

GO 10 13

TL = S2/C2

TL2 = TLu#2

I8 = XeBS & YeASeTL

ZA = BS & ASeTL2

IR = ABS(2Bee2 = ZA®(ASeY268SeX2=-AS«BS))
ZR=SQRT (ZR)

21 = (ZB= ZR)/ZA

22 = (Z0E2R)/2ZA

R21 = AQRS(Z1ea2a(1,6TL2))
R21=SORT (R21)

R22 = ABS(Z2e420(leETL2))
R22=SQRT(R22)

IF (2B) 408,409,409

TEMP = R21
R21 = R22
R22 = TEMP

IF (R21=R11) 244,43

XL = R11=-R21

R = ABS(le=(R119C2=X)002/AS=(R11952=Y)ee2/RS)
R=SCRT(R)

R = BlaR £ B2eRes)l

W2 = UF2aR

U = UEW2eXLeDL/ 4.

Rl = R21EXL

GO TO 4

XL = R21=-R11

R = ACS(le=(R214Cl=X)002/AS = (R210Sl=Y)ee2/BS)

R=SORT(R)

R = BleR & B2eRwe)
Wl = UFleR

U= U EWle XLeCL/4,
Rl = R11&XL
[F(R12-R22) 51596
NR = (R12-R1)/CR

GO TO 406

NR = (R22-RL)/DR

IF (NR) 407,407,7
00 8 I=]1,NR
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407

14

15
16

=154~

R1 =Rl & DR

R = ABS(le=(RlaCl=X)202/AS = (Rl10S1=Y)e02/BS)
R=SQRT(R)

R = BleR € (B2#Ree3

W3 = UFleR

R =2 JBS(le=(Rl1eC2=X)002/AS =(R10S2=Y)0e2/8S)
R=SQRT(R)

R = BleR § B2eRwe3

W4 = UF2eR

U= UC DReDL®((W1ENW2) € (W3EK4) VAT
Wl=W3

W2z W4

U=UZ& DLe (W1e(R12=R]1) € W2e(R22=R1))/3.
Ci=C2

S1=S2

R11=R21

R12=R22

UF1=UF2

XLl=XxL2

CLL = XLN =XL1

SN = SIN(XLN)

IF (SN = .699) 15,15,14

TL = CCS(XLN)/SN

Z = ((BSeaXeTL € YeAS)/(BSeTLe®2 € AS))eeaQ

GO TO 16

TL = SN/COS(XLN)

Z = ((XeBES & Y#ASeTL)/(BS € ASeTLee2))ee2

R21 = ABS(2e(leETLO®92))

R21=SORT(K21)

R = ABS(le=(R219#Cl=X)e22/AS = (R210S1=Y)00l/8S)
R=SQRT(R)

R = BleR § B2saRsa)

Wl = UFleR

U=(UEt Wie(R12=R11) *0L) e(2)
YR=Y2/BA2

UP1l = YRay3

UP2 = YRwe2ey7

UP = CCo(AleyPlEl.52A2eYP2) 2,

US=UL=y=uP

RETURN

END

A7
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APPENDIX E : Detailed Analysis of Main Test Rig Components

Gas Bearing

The dynamic specimen is mounted in the male portion of a hemi-spherical hydro-
static gas bearing in order to achieve the necessary degrees of freedom of mo-
tions. In actuality the bearing configuration is less than a hemisphere in

order to provide a shaft connection at the pole and to control the vertical

axis componant of lift.

Because of the positioning accuracy required the manimum achievable radial stiff-
ness is needed but without excessive vertical lift capacity which would neces-

sitate providing a high holding down load.
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After rough sizing, the gas bearing was analyzed using MII computer program
PN 0256 "Hybrid Spherical Bearing'. A graphical presentation of the non-dimensional
results are given on Figures 21 through 23 for certain geometrical configurations.

From these results the following performance was calculated.

Summary of Symbols and Data used in Calculations

= .8125" = Radius of Sphere
C = .0003" = Radial Clearance

p. = 114.7 psia = Supply Pressure

p. = 14.7 psia = Ambient Pressure

P

vV = 7.8=="2
Pa_8

b = .25 x 10 ~ Reyns = Nitrogen Viscosity

at Room Temperature

Absolute Pressure Ratio

T = 530°R = Inlet Temperature

AT = 1.35 x 108 in2/sec2

N = 18 = Number of Orifices

d = .025" = Feeder Hole Diameter

a = .010" = Orifice Radius

5 = %; = Inherent Compensation Factor

€ = Eccentricity Ratio

6 Na2 T
= = Non Dimensional Bearing Number
80 3
psC 1+
VA = — = Non Dimensional Load
npaRs
- CSR
S, = = Non Dimensional Stiffness
R o R 2
Pa"s
— 12 T
Q = 2 3 = Non Dimensional Flow
Tp b




—— ire—

s g

Detailed Evaluation of Gas Bearing Performance at Room Temperature and

Zero Eccentricity
_6x.25x10°% &

18 x .010% x 1.162 x 10*

Abo
114.7 x

= 7.64

.0003° x 13.3

Determination of Radial Stiffpess.

From FigureE-l at A%o =
SR =

Determination of Axial Load.

il

From FigureE-2at Aho

-. wA =

Determination of Gas Flow

From FigureE3at A.so

..Q

or Q =

_ 260 n 14.7% x .0003

7.64, S = 2.95
S

2.95 x n 81252 x 14.7
-0003

300,000 1b/in

7.64, GA = 1.64

1.64 7 x .8125% x 14.7
50 1bs.
7.64 Q = 260

3

12 % .25 x 10 °x 1.35 x 10°

11.7 x 107 Ibseelin

.34 scfm

Results of Gas Bearing Evaluations at IQOOOF and Zero Eccentricity

Assuming nitrogen
T = 1860°R

R = 2.555 x 10°

RT= 4.75 x 108 inzlsec

H= .58 x 10-8 Reyns.

1n2/sec2 °r

2
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Then from previous equations and curves

A = 33.2
80 P
Radial stiffness at §§ = 3.4
Sp = 346,000 1b/in

Axial load capacity at W, = 1.8

QA = 55 lbs

Gas Flow at 6 = 300
A = 158 %100 Ibeeclin

= .048 scfm

Driver Performance

The electromagnetic drive was selected for the final designs based on the

evaluation discussed earlier in the report.

A critical aspect of the evaluation was to establish the maximum power to

weight ratio in the drive system.

To achieve this a light weight linkage system was designed and analyzed to
determine its force and load characteristics relative to the drive unit and

bearing capability.
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Detailed Analysis of Mechanical Linkage

F1 T,st Pivot Point
[t
a
2k
Vertical
Linkage Horizontal Linkage
Y
& E———@Driver
— F
tx ?

n
where x is linear acceleration

Forces in System

D
- a !
F = F1 + L x M
FL-%%EMa
82 (1]
or F = ;E x M
2
a_ " -ill
Fl = L2 xM L xM
2
n ’Fa a
F,=xM|—~ -7
1 L2 I.}
d L
an ., raz . .\
FD =xM EE "L + o x
-

at ® = 1000 cps and displacement 8 = + .0015 inches/inch




x =+ 0BL wz cos®

= 4+ 0015 x 1.75 &® cos®

For very small displacements cos€ = 1

Then w? = (2 7 1000) 2
= 39.5 x 10° (rad/sec)®
"X = 103.4 x 103 in/sec2 or 270 g

Equivalent Weight to be Driven by Electromagnetic Drive

Calculated weight of all components on the horizontal section of linkage is:
.010 1bs.

Equivalent weight of vertical linkage and gas bearing related to horizontal
axis is as follows:

ZW az = ,027 1bin2

.155 1bs.

82 = .,175 inz

and a = .419 in.

Calculated W

ZWaz
Equivalent weight on lower axis = 2
L
= '0272 = ,0089 1lbs
1.75

..Total equivalent weight on lower horizontal axis

= ,010 + .0089 = .0189 1bs

cr 0.3 ozs.

This ignores minor frictional losses and deflection forces due to linkages for

other axes of motion.
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The simulated loading tests on the 75 watt Universal Driver is given on
Figure E -4. Superimposing the 0.3 ozs. loading onto the graphs indicates that

achieving this performance is quite feasible.

If necessary double drivers can be utilized to increase the power input for

any motion.

Further the power demand can be reduced by establishing a resonant drive

system as discussed in a preceeding section.

Reaction Forces on Hemi-Spherical Gas Bearing

- a2 a
F .x“— - -
1 L2 L
3 .155].175 .419
F. = 103.4 x 107 x ==—|—— - =—=
1 386 1.752 1.75
Fl = - 7,62 1bs at 1000 cps.

If the radial stiffness of the gas bearing is 300,000 1b/in at room temperature
then the deflection at zero eccentricity will be .00025". This can be reduced
by higher gas bearing supply pressure or increased eccentricity in the gas
bearing.
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le nalysis o esonance

In the analysis the following symbols were used

[ ? Contact pivot point

& Lzse Resonant spring

IS S pe—— K <<::]:>
Lm _J
T

LU’ Driver
+ T smut 77.

2

I = Polar moment of inertia, inlbsec
w = Driviag frequency, rads/sec

w_ = Natural frequency, rads/sec

F_= Driving force, rads/sec

L = Moment arm of driving force, inches

K = Spring constant of system, lbs/in

C = Damping coefiicient in lb.sec/rad.

C_= Equivalent viscous damping coefficient

C = Critical damping coefficient

© = Amplitude of torsional oscillation, radians

f_= Friction torque = .27 lbins.

8 = Half amplitude of motion, inches




Determination of Spring Stiffness

From '"Mechanical Vibration" by W. T. Thompson, Prentiss Hall Inc.
F L
o

KLZ

(o] 4
I w 2
1 - =214+ (5
2

If the damping coefficient is O then 90 is infinite when LQE =1

G&E? KL
I

or w =
n
For a magnification factor 2, %— should be approximately .75
n
w 1000
orw =z = o x2ts= 8360 rad/sec

The required spring characteristics are as follows:

2

.1007
For I of system = Og inlbsec

and taking L = 1.69 in

2
Then the required stiffness K = ——— = 8360 = X -1007 6370 1n/in

(.69*% %

Damping Present in System
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From'Mechanical Vibrations" by Berrard Morrill. The Ronald Press Co. 1957 p. 87.

4f_ K2 2
R ] -
€ @ \/ni(p D2- 4%(f )i
o r
1.37
c = 2

e 28.2F “- 1.165

Taking a value of Fo = 3 lbs.
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Then Ce = .086 inlbsec/rad
Cc = 2 VKLZI
P 2 .1007
- 7\/6370 (1.69) )
L 4.34 inlbsec/rad
_ 086
Ce the damping ratio = 4.3 202

It can be concluded that it is quite practical to design the system to operate
near resonance with a suitably designed spring in the system. Also that the
system is very lightly damped even under the most severe friction condition

at the pivot point.

Analysis of Sealing Labyrinth

In order to achieve the test gas environment around the specimens, minimize the
test gas flow and prevent back flow of contaminating external gases, a staggered
type radial labyrinth seal was designed for sealing purposes at the interface be-

tween the upper specimen holder and lower dynamic specimen holder.

The design was based on achieving the maximum number of stages in the available

space and assuming argon as the gas.

Detailed Analysis

The analysis was based on theoretical and test data presented in "The Flow of Air
Through Radial Labyrinta Glands" by W.J. Kearton, Proceeding of the Institute of
Mechanical Engineers, 1955, Vol. 139 No. 30. The case for pressure drops in

each construction less than critical was used.

List of symbols and Equations
r = .29" = radius of innermost constriction

C = ,005" = clearance
Al = 27 rC sq.ins = area through first constriction

n = 9 = total number of constrictions




a = ,0125" = radial distance between two adjacent constrictions

p. = 15.2 psia = pressure at inlet to seal

p. = 14.7 psia = pressure av =xit from seal

T = 1860°R = absolute temperature

QR = 466 inlb/1b°R = gas constant for argon

= ,75 = coefficient of discharge

F = 1 = function of pressure ratio in a single constriction

. 2 an (n-1) -
dn n {;r+a(2n-1) area function for outward flow

2 2,\1/2
Fg (p, -p,")
Wm = A1 \FT - ¢n ‘f = mass flow through seal 1b/sec

On the basis of 0.5 psi pressure drop across the complete seal the following

flow can be established:
i e 2 x .0125 x 9 (8)
n .58+.0125(18-1)

;_dn = 6.73

A1 = 21 x .29 x .005 = .0091 sqins.

Mass Flow Through Seal
2 2.1 1/2
.0091 x .75 {?X386(15-2:;=$éa7 %}

Vo © 466 x 1860 x 6.73
= ,000215 lbs/sec

wm = ,129 scfm at 1400°F

Wm = .24 scfm at room temperature

In order to reduce the flow of argon below these values the clearance can
probably be reduced based on operating experience and also the pressure drop

across the seal reduced further.
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Peak to Peak Amplitude, Mils

No Load

0.27 oz. load

==
/

o3 oz. load

/ Required Amplitude at Driver CL

174

/ =

0.6 oz load

——

//

fa

20 40

60 80

Power Input, Watts

100

Fig. E~4 Simulated Driver Tests at 1000 cps. 75 watt
Universal Model with Various Added Weights
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Dynamic Load

Shatt Axis l

Pivot
Axis

Fig. 1 Pad Motions

MT1-7258
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“@— <

Dynamic Load

Fig. 2 Ball-Plate Configuration

MT1-7256
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Ball Radius: 0.125" for No. 1 Brg.;
0.188" for No. 2 Brg.
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Socket Radius: 0.128 for No. 1 Brg.
0.191 for No. 2 Brg.

Axis of g
Cylindrical - -
Socket =
44
@

0.138" for No. 1 Brg.
0.189" for No. 2 Brg. i B

0.124" for No. 1 Brg.
0.138" for No. 2 Brg.

Fig. 5 Schematic of Pad and Pivot

MT1-703%




RELATIVE AMPLITUDE
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10
~ 2y, | 1
0.8 C’P//‘/C |
0.6 SP€€
\ 0”0
0.4 \&*
0.2 \K
O\g\ ) 5 8 i0 a6
-0.2 ROTOR AXIAL LENGTH—INCHES
. /s’
‘CL4' 4[ 5¥>
fEDM
-0.6 )3 \\
-1.0—L ‘
[ § é F
gl & 5
x| = -
3 £ :
Bl 2 S .
& = o~ &
=l g g =
JOURNAL BEARING NO. | NO. 2
GAS FILM STIFFNESS (LB/IN.) 17,500 46,000
SUPPORT STIFFNESS (LB/IN.) 52,900 72,000
Fig. 6 Calculated Mode Shapes for the Two Rigid-Body Critical

Speeds of the Final Rotor-Bearing System Design
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Slip Region

(b)

Schematic Diagram Showing (a) Balls in Contact, (b) Contact Area
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Distribution of Microslip Within Classical Theory for Re = .50 in.
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Distribution of Microslip Within Classical Theory for Re = .66 in.
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Distribution of Microslip Within Classical Theory for Re = 1.0 in.
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Distribution of Microslip Within Classical Theory for Re = 21.3 in.
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b) Flat

Photograph of Specimens Prior to Test
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TYPICAL OSCILLISCOPE PATTERNS

A B

4 UNIAXIAL MOTION

n,—l—7 Note :  _

) Angle o equals 45°
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Angle 7 depends on k ¥
Rot relationship between 2 . ‘
pitch and roll; at L
equal amplitudes, S =
A, angle 7 equals 45°.
| at more pitch than A B

roll, angle 7 > 45°.
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Fig. 37 Sketch of Oscilloscope Patterns
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Effect of Bearing Pressure on Lift of the Spherical Seal (Rig #3)




(spunog) peoq (1sd) aanssaig ATy po3edIpul Zv 814

pPeO]

43 8¢ V24 0¢ 91 ¢l 8 Vi 0
\M
I\.“
"
%\\w \
— ]
e — A — oY
_ t\\\\\\\\
"
— 09
_
— 08
001

2inssai1d 1Ty pa3jedipul




Distance from Pivot

(inches)

1.8

1.6

1.2

1.0

0.8

0.6

0.4

0.2

-212-

§,D' ! r
Amplitude "A"// Z/i;plitude Hpt y
I / .
/
/
/
|
|
|
|
1
|
|
W
// / (:)" D'
/ | NOTE: Motion Measured At B & B'
2 During All Tests Was Less
Than The Noise Level (0.000040")
///
/
/ T
0.4 0.8 1.2 L6 2.0 2.4

Motion (Mils)

Fig. 43  Motion Relationships on Pitch
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Fig. 44 Photograph of the Oscilloscope Traces of
the Pitch Motion, Calibration .5 mil/cm.




Fig. 45

Photograph of the Oscilloscope Traces
of Yaw Motions 1000 cps.
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Fig. 50

Test Not Run

4

b) Amplitude 1.7 mils/in.

Photograph of surface damage:

M-2 vs M-2; 80°F; Load, 2#;
200 cps; Pure Pitch; 75x.

-219-

MI1-4421
i

e



=220~

a) Amplitude .6 mil/in

b) Amplitude 1.2 mil/in

c) Anplitude 1,7 mil/in
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Fig. 51
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t
1

6 mil/in

a) Amplitude

Flat

b) Amplitude 1.2 mil/in

c) Amplitude 1.7 mil/in

80 F; Load, 30#;

200 cps; Pure Pitch; 75x.

Photograph of the surface damage:
M-2 vs M-2

Fig. 52
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(0) Pitch, roll and yaw = 0.0015 in/in

RS i e O i v iV oy v GV GV SV v Gy Sy GV G G &V Y Y
2

yaw = 0,003 in/in (b)A J_ Roll and pitch = 0.0015 in/in
(TTT 7T 777777 oo T T 777 7 7 777777
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( C) Dvnamic loading

(normal to pivot contact area)
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Fig. 53 Surface profile: Traces of the damaged area under
conditions of pure pitch, yaw and dynamic load.
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Fig. 54 Effect of Load on the Contact Area Ball on flat,
M-2 Tool Steel vs. M-2 Tool Steel
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a) Amplitude 1.6 mil/in
Load 15#; M-2 Tool Steel Flat

b) Amplit 3.2 mil/in c) Amplit 3.2 mil/in
5 o

Load 1 Load 30

Fig. 55 Photograph of surface damage:
M-2 Tool Steel; 80 F; 200 cps;
Pure Yaw; 75x.
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Fig. 56
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Photograph of the surface damage:
M-2 vs M-2; 20C cps; Load, 15#;
Pure Yaw; Amplitude .25 mil/in;
Mag 150x,

MT1-4402
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a) Pitch, 1.7 mil/in; Roll .59 mil/in;
Temp. 400 F

b) Pitch, 1.7 mil/in; Yaw, .48 mil/in;
Temp. 80 F

¢) Pitch, 1.7 mil/in; Roll, .59 mil/in;
Yaw, .48 mil/in; Temp. 400 F

Fig. 57 Photograph of surface damage with combined motions:
M-2 vs, M-2; 200 cps; Load, 15%,

MTI-4415
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Fig.

58

b) 30# Load

Photograph of surface damage at high frequency:
M-2 vs M-2; 1000 cps; 80 F; Pure Pitch;
Amp, 1.7 mil/in.
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b) 400 F

c) 1000 F

Fig. 59  Photograph of Surface Damage: M-2; 1000 cps; Pitch, 1.7 mils/in.;
Roll, .59 mil/in.; yaw, .24 mil/in.; Load, 15 1lbs.; 75X.
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Fig. 60

Photograph of surface damage:

M-2 vs M-2; 1000 F; 1000 cps;
Load, 15%; Pitch, 1.7 mil/in;
Roll, .59 mil/in; Yaw, .48 mil/in;
Mag 3x.
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a) Flat
+59 mil/in

Fig. 61 Photograph of surface damage:
K162B vs K162B; 200 cps; 80 F;
2 Load; Pure Pitch; Mag 75x.

MT1-4418




Ball
b) 1.2 mil/in amplitude

c) 1.7 mil/in amplitude

Fig. 62 Photograph of surface dawage:
K162B vs K162B; 80 F; 15" Load;
200 cps; Pure Pitch; Mag 75x.
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Flat Ball

b) Amplitude 1.2 mil/in

Fig. 63 Photograph of surface dapage:
K162B vs K162B; 80 F; 30" Load;
200 cps; Pure Pitch; Mag 75x.

MT1-4390




b) 1.2 mil/in amplitude

Ball

c) 1.7 mil/in amplitude

Fig. 64  Photograph of surface damage:
K162B vs K162B; 200 cps; 15% Load;
Temp. 1000 F; Pure Pitch; Mag 75x.
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c) Amplitude 1.7 mil/in

Fig., 65 Photograph of surface damagﬁ:
K162B vs K162B; 200 cps; 30" Load;
Temp. 1000 F; Pure Pitch; Mag 75x.
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Amplitude 1.2 mil/in

Fig. 66 Photograph of surface damage:
K162B vs K162B; 200 cps; 15% Load;
1400 F; Pure Pitch; Amplitude, 1.2 mil/in;

Mag 75x.
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Amplitude 1.7 mil/in

Fig. 67 Photograph of surface damage:
K162B vs K162B; 200 cps; 15% Load;
1400 F; Pure Pitch; Amp, 1.7 mil/in;
Mag 75x. .
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b) Load 30#

Fig. 68 Photograph of surface damage:
K162B vs K162B; 1000 cps; 400 F;
Pure Pitch, 1.8 mil/in; Mag 75x.
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Fig. 69

Photograph of surface damage:
K162B vs K162B; 200 cps; 1000 B
Load, 15%; Pure Yaw, 3.2 mil/in;
Mag 75x.
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b) K162 B Carbide

Fig. 70 Photograph of Surface Damage from Dynamic Loading
1000 cps; 80 F; Load 15 1bs.
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Fig. 71 Effect of turning -
Photograph of surface damage:
M-2 vs M-2; Temp. 400 F.

MTI-4391




b) 440C vs 440C

d) SAE 52100 Steel vs SAE 52100 Steel

e T

7

i
o

e) Stellite 6 vs Stellite 19 f) Stellite Star J vs Stellite 19

Fig. 72 Photograph of surface damage to Flat:
1000 cps; Temp. 400 F; Load, 15#;
Pitch, 1.7 mil/in; Roll, .58 mil/in;
Yaw, .25 mil/in; Mag 75x.

MTI-4420
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a) K162 B vs C608 b)

K96 vs K96

Fig. 73

c¢) KI162B vs K162B

Photograph of surface damage to
Flat in material screening tests;
1000 cps; Temp. 400 F: Load, 15#;
Pitch, 1.7 mil/in; Roll, .58 mil/in;
Yaw, .25 mil/in; Mag 75x.

MTI-4409
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a) Hot Pressed A1203 vs Cemented Oxide

-243-

c¢) Cold Pressed Al,03 vs Cold Pressed Al,04 d) K96 vs Sprayed WC

Fig.

74

Photograph of surface damage to flat
in material screening tests:

1000 cps; Temp. 400 F; Load, 15#;
Pitch, 1.7 mil/in; Roll, .58 mil/in;
Yaw, .25 mil/in; Mag 75x.
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 ;15§”1;{zv3 ; . =R . i
a) KI162B Carbide vs K162B Carbide (Flat) b) Stellite Star J vs Stellite 19 (Flat)

- I 5 o8
vR¥r N e it
S e Ngis '

-
’ 5
e -

c) Cold Pressed Al,03 vs Cold Pressed d) Hot Pressed Al,03 vs Hot Pressed
Al,03 (Flat) Al,05 (Ball)

Fig. 75 Photograph of the surface damage
in material screening tests:
1000 cps; Temp. 1000 F, Load, 15#;
Pitch, 1.7 mil/in; Roll, .58 mil/in;
Yaw, .25 mil/in; Mag 75x.
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"o

S
W4 ok b

a) WC Coated A-286 b) K96
Flat Ball

Fig. 76 Photograph of surface damage
in material screening tests:
Material K96 Carbide vs Sprayed WC;
1000 cps; Temp. 1000 F; Load, 15#;
Pitch, 1.7 mil/in; Roll, .58 mil/in;
Yaw, .25 mil/in; Mag 75x.
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y,
)
: &
Flat
a) Stellite Star J vs Stellite 19
<
o35
254
i & 4
Fiat Ball

b) K162B Carbide vs K162B Carbide

Fig. 77 Photograph of surface damage
in material screening tests:
1000 cps; Temp. 1400 F; Load, 15%#;
Pitch, 1.7 mil/in; Roll, .58 mil/in;
Yaw, .25 mil/in; Mag 75x.

MT1-4393
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i "24 “ s
" "hg:- =2
a) Socket b) Ball
Mag 3x Mag 3x

Fig. 78 Photograph of surface damage:
M-2 vs M-2; Temp. 400 F; 1000 cps;
Load, 15#; Pitch, 1.7 mil/in;
Roll, .59 mil/in; Yaw, .25 mil/in.

MT1-4406




Fig.

79

Photographs of surface damage for two tests:
M-2 vs M-2; 1000 F; Load, 15#; Radius, .2546"
1000 cps; Pitch, 1.7 mil'in; Roll, .59 mil/in;
Yaw, .25 mil/in; Mag 3x.
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a) Ball
3x Mag

b) Socket
3x Mag

Fig. 81

c) 75 x Mag

Photograph of surface damage:

M-2 vs M-2; 1000 cps; 400 F; Load, 15#;
Radius, .375"; Pitch, 1.7 mil/in;

Roll, .59 mil/in; Yaw, .25 mil/in.
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a) Radius ,375" b) Radius .375"
Temp. 400 F Temp. 1000 F

c) Radius ,750" d) Radius .750"
Temp. 400 F Temp. 1000 F

Fig. 82 Photograph of surface damage:
M-2 vs M-2; 1000 cps; Pitch, 1.7 mil/in;
Roll, .59 mil/in; Yaw, .25 mil/in;
Mag 75x

MTI-4412




a) Ball b) Cylindrical Socket
3x Mag 3x Mag

Photograph of surface damage:
M-2 vs M-2; Radius, .256 cylinder;

Temp. 1000 F; Load, 15#; Pitch, 1.7 mil/in;
Roll, .59 mil/in; Yaw, .25 mil/in.

Fig. 83
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Flat

Ball

a)

Socket (radius .375")

Ball

b)

Photograph of the surface damage for the
tool steel-tool steel Combination after

84

Fig.

-253-

12 hour operation in forming gas at 500F.

100x Mag

MTI-7080
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b) Stellite Star J Ball Stellite 19 Socket (.375R)

Fig. 86  Photographs of the surface damage for the Stellite-Stellite
Combinations after 12 hours running :n forming gas at 900F.
Mag 100x
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1

.00070"

Fig. 90 Talysurf Trace of the Damaged Area
M-2 Tool Steel vs. A-286, 1950 hours

MI1-7062
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Ball Socket

a) MoS 500

Ball Socket

b) MoS 900

Fig. 92 Photographs of the test specimens at the conclusion of

the Lubricant tests. Mag. 3x; Time 100 hours; 3.8 x 10 cycles,
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E/G THERHOCOUPLE

LOAD A/
( /1040 EELLOWS

SPECIMEN
¥ AT MOSPI/ERE
/l_"}\ ARGON
S i —Wb BEACING 4/
— J_Y - i§
)
TEST
*’ " sercmens
] FJL /
WATER JACKET
DRI VER
PROEE
prrcH ANO yAW @)
_ PROSE

PITCH ANO vaw (7)
£0LL @

Fig. 95 Schematic of Test Rig
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= %

o "*t!‘ e

(a) Socket (b) Ball

(c) Enlargement of Damage Area on Ball

Fig. 96 Photographs of the surface damage for tungsten carbide vs. A-286
steel flame sprayed with tungsten carbide; Conforming geometry;

Specimen 003
MTI-7076




a— p—— - st

(a) Socket

(c) Enlargement of Damage Area

in Socket in Ball
Fig. 97 Photographs of the surface damage for tungsten carbide
steel flame sprayed with tungsten carbide; Conforming
Specimen 004

-266~-

(d) Enlargement of Damage Area

vs. A-286

geomelry ,

MTI-7100
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ORIGINAL SURIACE

(a) Socket

Fig. 98 Photographs of the surface damage

steel flame sprayed with tungsten
Continuation of Specimen 003; Mag

(b) Ball

for tungsten carbide vs. A-286
carbide; Conforming geometry;
3x.
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ORIGINAL AREA

DEMAGED AREA

(a) Socket (b) Ball

Fig. 99 Photographs of the surface damage for tungsten carbide vs. A-286

steel flame sprayed with tungsten carbide; Conforming geometry;
Specimen 004; Mag. 3x.
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(a) Socket «b) Ball

Fig. 100 Photographs of the surface damage for tungsten carbide vs. A-286
steel flame sprayed with tungsten carbide; Conforming geometry;
Specimen 005; Mag. 3x.

MTI-7084
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ORIGINAL SURFACE

Fig.

DAMAGED AREA

DAMAGED AREA

ORIGINAL SURF

(2) Socket (b) Ball

101

Photographs of the surface damage for tungsten carbide vs., A-286
steel flame sprayed with tungsten carbide; Conforming geometry;
Specimen 001; Mag. 3x.
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Fig.

105

Phetograph of

a) Before Test

b) Afte

the sapphire vs.

Test

tungsten carbide pivot.

No. B & D; Conforming geometry; Mag 6x.

Specimen

-273-




-

106

Hole

Not Cleaned

Edge b) Groove Edge

Photograph of the sapphire vs. tungsten carbide pivot.

No.

B &

D; Conforming geometry; Mag. 100x.

Specimen
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Fig.
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Corresponding Areas of Contact
on Both Specimens

107 Photograph of the BRU conforming geometry. Tungsten carbide vs.
Tungsten carbide; Specimen No. 113; Mag. 3x.

MII-7075
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108

Photograph of the BRU Conforming Geometry
Tungsten Carbide vs. Tungsten Carbide; Specimen

No. 113; Mag. 100X.
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Fig.

110
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a) Specimen 111

b) Specimen 114

c) Specimen 115

Photographs of the BRU Conforming geometry.
Tungsten carbide; Mag. 3x.

Tungsten carbide vs.

MTI-7070




Fig.

111

Photographs of the BRU Cenforming geometry,
M-2 Tool Steel vs, M-2 Tool Steel; Mag, 3x,

Specimen No. 5;
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Photographs
M-2 Tool Stee

£
1

a) Socket and Pivot (3x)

b) Pivot (100x)

the BRU Conforming Geometry; Specimen No. 3
vs M-2 Tool Steel.
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a) 111 Specimen Number

b) 115 Specimen Number

Fig. 113 Photographs of the Carbide BRU Pivot Specimens
After the 1000 Hour Test at 500°F. Mag. 3x.

MI1-7074
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2nG x Microslip x 10-2(lb/1n)

Fig.

115

.l e2 o3

T (Applied Traction)
Normal Load

Effect of t on Microslip For The

Steel - Steel Combination. Load 30 1b.
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116 Pivot Design Curves Steel vs Steel Radius of Pivot:

.125"; R-dius Socket:

.1625"

MT1-7232




.56

48

.40

N
e

. Radius
(in)

.0

.48

.40

<32

.24

.16

“ slip (in)®

-285-

™
=
%
510 —
Contact
Radius
/ Microslip
350 |
/
Pressure
/ Locked
P -— e amm sund e /
/4
) ( [0 Pressure
53 ® Slip
3 a Radius of Contact Region
E Radius of Locked Region
30 [
0 5 10 i 20 25 30
Load (Pounds)
Fig. 117 Pivot Design Curves K162B Carbide vs Itself
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Fig. 119 Pivot Design Curves K162B vs Itself
Radius of Pivot : ,250"; Radius of Socket: .375"
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