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FOREWORD

This report was prepared by Spectra Research Systeims under Contract No. NAS8-34686
entitled "Bearing Tester Data Compilation, Analysis, &nd Reporting and Bearing Math
Modeling" for the George C. Marshall Space Flight Center of the National Aeronautics
and Space Administration. The work was administered under the technical direction of
the Materials and Processes Laboratory, Engineering Physics Division of the George C.
Marshall Space Flight Center with Mr. Fred J. Dolan acting as project manager.

This report describes the work performed by Spectra Research Systems Southeastern
Operations during the July 1982 - July 1983 period. Mr. Rodney Bradford was the
Spectra Research Systems Project Manager. The project technical staff was directed by
Mr. Joseph C. Cody who was the Project Engineer. A listing of the key project staff
members is shown below:

Dr. D. David Marshall
Mr. Edward E. Montgomery
Ms. Linda S. New

Mr. M. Anthony Stone

Mr. Bruce K. Tiller.
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1.0 INTRODUCTION

This report describes the work accomplished during the past year (July 1982 - July
1983) in support of the MSFC Bearing and Materials Tester (BMT) Program. The objective
of this activity is to support the development and operation of the BMT including data
reduction and evaluation. Since the Shuttle Main Engine (SSME) turbopump bearings
operate in an environment considerably more severe than conventional bearing systems,
traditional analysis methods and bearing 1ife modeis are not directly applicaole.

The MSFC BMT Program is therefore directed toward a better understanding of the
various parameters that effect/or determine the SSME turbopump bearing operational
Characteristics and service life and to develop and verify design tools applicable to
these systems. Support of this program involves a broad spectrum of engineering
analysis activities including static analysis of the BMT Shaft Bearing System, high-
speed bearing system analysis, contact stress evaluation, bearing failure mode eval-
uation and thermal modeling of the bearing and cryogenic flow system. The tasks
described in this report do not represent the total analysis effort for the design and
development of the BMT. The enclosed work was done *o support the development of the
BMT in specialized areas as problems occurred and to support the stated objectives.
BMT test data are reduced, evaluated, and correlated with analyses where applicable.
Since test data applicable to the turbopump bearing system are avsent and the system
and operating conditions are of such complexity that theoretical modeling requires
unprecedented extrapolations, data frum the BMT are requi:ed to substantiate turbopump
bearing analysis and bearing 1ife predictions.
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2.0 SUMMARY

During this annual repor.ing period, significant progress has been made in the
understanding and use of the ‘haberth bearing analysis computer program. This proaram
was developed for tre analysis »f jet engine shaft/bearing systems operating above room
temperature with ncrmal hyiror2rbon lubricants. Through continued analysis effort, it
has been possible to adapt this ool to the evaluation of shaft bearing systems operat-
ing in cryogenics.

Effects such as fluid dr=g, radial temnerature gradients, outer race misalignments
and clearance changes have been simulated and evaluated. In addition, the speed and
preload effects on bearino radial stiffness has been evaluated. The Shaterth program
has also been used to provide contact stresses from which contact geometry has been
calcuiated to support otner analyses such as the determination of cryogenic fluid film
thickness in the contacts and evaluation of surface and subsurface stresses necessary
for bearing failure evaluation. This program has been a vital tool for the thermal
analysis of the bearing in that it provides the heat generation rates at the rolling
element/race -ontacts for input into a thermal model of the bearing/shaft assembly.

Although the SHABERTH (41)* computer code has a thermal subroutine, it is not
capable of accommodating varying thermal properties and two phase flow. A bearing
thermal model with this capability has been deveioped using the SINDA thermal analyzer.
The bearing/shaft assembly and cryogenic coolant flow are thermally simulated by a
nodal network and the model provides a detailed description of the bearing and assembly
component temperatures and gradients. The model accounts for the various heat transfer
regimes encountered in a two phase flow system and allows the assessment of parameters
such as load, speed, flow rate, fluid subcooling, etc. on bearing component tempera-
tures. Bearing contact surfaces are modeled in detail, to assess the maximum surface
temperatures, and complete descriptions of component temperature gradients are provid-
ed. This can be important in assessing the characteristics such as fluid film thick-
ness, film lubricant requiremerts, and effects on contact friction. Test data from the
BMT has been used when possible to calibrate/verify the thermal model.

A complete analyses of the bearing shaft assembly requires iteration between the
SHABERTH bearing and SINDA thermal models. This 1is necessary due to the strong
coupling between bearing component temperatures and internal cperating clearances. As
the inner race temperature exceeds that of the outer race, thermal growth reduces or
eliminates the operating clearances. This in turn increases the contact stresses and
forces which increase the frictional heat generated. This is a cycle that will cause
premature bearing failure if it prcceeds unchecked. This condition has been simulated
by utilizing the SHABERTH bearing program and the SINDA bearing thermal model. By this
analysis method, preliminary bounds have been established for stable operation in LN,.
These limits have been established in terms of fluid flow, fluid inlet temperature, aad
axial load for a shaft speed of 30,000 RPM as indicated in Figure 5.8.3.

The major conclusions from this reporting period are summarized below:

(1) The importance of understanding and developing reliable analysis tools for
estimating the mechanical/therma! interactions of the bearing system and the effects on
bearing performance and 1ife cannot be over emphasized. There are many deficiencies in
the analytical methods available and applicable test data is nonexistent. Therefore,
these gaps must be filled with additional BMT test and operational data before reliable

* Refers to Referance cn page 6-1.
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predictions concerning Shuttle Main Engine turbopump bearing performance and life can
be made.

(2) There 1is a strong mechanical/thermal intraction in the turbopump shaft/
bearing system. This is especially critical in these cryogenically cooled systems be-
cause of the drastically changing ccoling ability as the fluid changes from liguid to
vapor. As an example, an increase in load can cause transition from forced convection
liquid cooling to forced convection vapor cooling with a significantly large increase
in component temperatures. Such increases can rapidly eliminate internal clearances,
increase contact stresses and frictional heat causing further heati.g until failure
occurs. This unstable condition can further be aggravated by extremely high temper-
atures in the contact areac which can cause breakdown of the dry film lubricant,
significantly increasing the frictional heat generation. An example of these tempera-
tures are shown in Figures 5.12.3 - 5.12.6. In addition Lo rapid bearing failure, less
severe cases can cause failures different from the subsurface fatigue failures experi-
enced by conventional oil lubricated bearings. As will be uiscussed later, increased
surface friction moves the maximum shear stresses to the surfaces and therefore, the
failure occurs in the surface rather than below the surface. Furthermore, the high
temperatures predicted will significantly degrade the material properties in the
surface and this, combined with loss of lubricant, allows surface wear to become a
potential failure mode. Due tc the steep thermal gradients at the bearing contact
surfaces, there is a strong pnssibility that thermally induced stresses are significant
contributors to bearing failure. These conditions and failure modes are vastly differ-
ent from those experienced by conventionally operated and lubricated rolling bearings.
Therefore, the data base for conventional bearing life predictions has severely limited
validity when extrapolated to high-speed bearings operating in cryogenics.

(3) Estimating coolant flow requirements for cryogenically cooled bearing sys-
tems, typical of the SSME turbopumps, requires consideration of mechanical/thermal
coupling of the system. Analysis has shown that system heat generation is not a simple
function of applied load. As previously discussed, the establishment of a temperature
gradient across the bearing will increase the frictional heat generated. For example,
the coolant outlet temperature is essentially linear with flow for a constant heat
input which, for a bearing of uniform temperature, would indicate a constant load.
However, for a condition (this could be a low-flow case) that allows an adverse temper-
ature gradient to establish itself across the bearing, the heat generated will be
considerably greater for the same axial lcad causing a higher coolant outlet tempera-
ture. Therefore, rather than a linear coolant outlet temperature increase with de-
creasing flow, the outlet coolant temperature increase can become exponential with
decreasing coolant flow. Typical examples of this condition are shown in Figure 5.11.3
and 5.11.4. The recuired coolant flow should be specified to maintain the essentially
linear relationship between flow and outlet coolant temperature for given load and
bearing speed conditions.

(4) Contact stress analyses show that the maximum shear stress occurs in the
surface of the contact for friction factors greater than 0.19. Results of these analy-
ses are shown in Figure 5.9.1. For marginally lubricated bearings operating in cryo-
genics, it is very likely that the contact friction factor is greater than 0.19. This
is especially true when the bearing contact temperatures are significantly above the
cryogen saturated temperature. This condition precludes any liquid film support
between the contacts. In addition, many dry film lubricants fail at temperatures
approaching 500-700°F. Consequently, surface failure modes are strong candidates for
bearings operating in these environments.
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(5) Further research is needed to characterize the performance of dry film
lubricants operating in cryogenics and the effects of contact curface temperature on
the performance of these lubricants. The contact lubrication and traction, for bearing
systems similar to those studied in this report, probably vary considerably with opera-
tior time and contact temperature. A key part of the bearing thermal analysis is the
determination of the friction heat generated in the bearing contacts. This requires
knowledge of local friction forces and slip velocities and the interdependency of these
variables for the specific lubrication system being analyzed. For example, the fric-
tion coefficient is generally a function of slip velocity and may be enhanced by metal
oxide formation when operating in liquid oxygen. Additional test data characterizing
these effects are required before reliable contact heat generation estimates can be

made.

(6) Further work is also needed to characterize the heat transfer mechanisms for
high-speed bearings operating in high-flow, subcooled, cryogenic systems. No data has
been found in the literature that is directly applicable to these conditions.

2-3
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3.0 LISTING OF TASKS ACCOMPLISHED

JULY, 1982

0 Investigation of variables atfecting wear tracks generated during tester
operation,

0 Comparison of predicted and measured ball pass counts,

0 Investigation of thermal and flow characteristics that could have contributed
z0 the LOX test incident, and

] Dete iination of energy and fiow balance estimates for the Bearing and

Mate~:als Tester (BMT).

AUGUST, 1932

~

0
0

0o
o]

Investigation of bearing temperature gradients on operational contact anjle,
Modeling the effect of viscous drag on bearing rolling elements,

Development of & techrique for modeling the thermal contact resistance
between bearing rolling and stationary elements,

Continued thermal model development, and
Graphics capability development for data reduction and display.

SEPTEMBER, 1982

0

0

Continued investigation of bearing temperature gradients on bearing operating
characteristics,

Estimates of ball drag forces, torques, and heat generated,

Correlation of tester internal power dissipated with bearing temperature
differences, and

Continued bearing thermal model develcpment.

OCTOBER, 1982

0
0
0

Effects of bearing preload on cage slip and friction heat generation,
Recommendations for temperature cutoff values for the LN2 bearing tests, and
Continued thermal model development.

NOVEMBER, 1982

0

0
0
0

Bearing 1ife prediction analysis,

Stiffness characteristics of the turbine and LOX pump bearing,
Heat transfer ccefficients for bearing thermal model, and
Preliminary results of bearing thermal model.

DECEMBER, 1982

0

0
0
0

Evaluation of bearing operating preloads in LN2,

Bearing axial reactions resulting from carrier axial loading,
Interference fit between bearing inner race and shafi, ind

Results of bearing thermal model.
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3.7

JANUARY, 1983

0 Possible effects of outer race misalignment on shaft assembly balancing,
0 Bearing radial stiffness analysis,

0 Evaluation of viscous heat loads and bearing friction factors in 'LN2 for
input to bearing thermal model, and

0 Results of bearing thermal model.

FEBRUARY, 1983

0 Film thickness estimates for 57 mm bearing operating in LN2,

0 Evaluation of radial stiffness of 57 mm bearing as a function of ball wear,
0 Status and results of bearing thermal model, and

0 Investigation of outer race misalignment effects.

MARCH, 1983

0 Effect of friction on rolling element contact and subsurface stresses,
0 Bearing thermal modeling and analysis, and
0 Estimation of film thickness of 57 mm bearing operating in 02.

APRIL, 1983

0 Evaluation of bearing carrier to housing clearance and the effect of bearing
operating characteristics,

0 Bearing thermal analysis,
0 Investigation of the radial stiffness of the BMT 57 mm bearings, and
] Cumulative load assessment for BMT bearing life.

MAY, 1983

Analysis of the radial stiffness of the BMT 57 mm bearings at 10,000 RPM,
Continued bearing thermal analysis, and
0 BMT bearing 1ife modeling.

JUNE, 1983

0 Update of bearing thermal model surface-to-fluid heat transfer coefficients,

0 Sensitivity of bearing component temperatures to transition to film boiling,
and

0 Bearing life modeling.

JULY, 1983

0 Fluid film thickness estimates for material fatigue tester,
0 Fluid heat transfer regimes and film coefficients for LOX coolant, and
o Status of thermal model.
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4.0 SYNOPSIS OF RESULTS

The following is a summary of results and conclusions from the monthly progress

reports submitted during this 12 month period.

1)

na
—~—

JULY, 1982

Observed bearing wear tracks can be simulated with the SHARERTH beari'ig program.
However, the uncertainty in the tester loading due to unknown pressure-induced
Toads and the combined axial and radial load profiles cloud the results of this
effort. Proposed loading sequences for upcoming tests and evaluation of the
pressure-induced loads should overcome these problems. Instrumentation to deter-
mine ball pass counts is important in the evaluation of cage speed and potential
ball slip due to fluid drag.

Evaluation of the BMT incident in LOX produced the following conclusions: (a)
Parallel coolant flow paths can produce unequal flow and cooling causing potential
overheating and thermal run away especially in two phase coolants, consequently
"dedicated" coolant flow should be provided to each bearing pair in the BMT; (b)
Coolant subcooling should be as large as practical to preclude major surfaces of
the bearing from operating above the coolant saturation temperature; (c) The
overall energy balance across the tester provides valuable data for assessing the
heat generated in the BMT. Therefore, coolant inlet and outlet temperature and
pressure measurements are 1important along with flow rate measurements. Mea-
surement of bearing torque is also highly desirable as a guide for estimating the
traction in the contact areas.

AUGUST, 1982

1)

2)

Initial analyses were performed to evaluate the effects of bearing radial tempera-
ture differences on contact angle, normal forces, contact stresses, operating
clearances and heat generation. Assumptions were made concerning the bearing
temperature gradient although later analyses used the bearing thermal model to
determine the average temperature of the inner race, ball and outer race. These
assumed g-adients illustrated the coupling between the thermal and mechanical
characteristics of the bearing/shaft assembly. For example, it was shown that
internal clearances could be lost, forces and stresses increased, contact angles
decreased, and heat generation significantly increased as the inner race tempera-
ture was assumed to increase over the outer race temperature. Therefore, an
unstable situation could be created that would lead to thermal and mechanical
instability causing bearing failure.

A technique was developed to estimate the thermal conductance between the ball and
races of a high-speed rolling bearing for simulation in the nodal network thermal

model.

SEPTEMBER, 1982

1)

Analyses of bearing temperature gradient effects were continued and extended to
evaluate the effects on the ball spin-to-roll ratio. Results show that an in-
crease in temperature gradient reduces the ball spin. This effect alcne should
increase life. The other effects such as increased stresses and load, however,
overshadow the gains of reduced ball spin.
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The effect of coolant drag and friction coefficient on ball slippage or skidding
was simulated with SHABERTH. Results for LOX indicated that 1ightly preloaded
bearings <400 1bs could experience increased heat generation, wear, and reduced
11T? due to ball skidding. Reduction in friction coefficient caused increased
ball skid.

The sources and magnitudes of heat generated in the BMT were defined. The total
amount calculated was compared to the amount determined by the tester measure-
ments. Assumption of a relatively high bearing temperature difference was
required to match the measured BMT energy dissipation. As there are several
unknown factors affecting the energy dissipation such as fluid vortexing, contact
friction, loads, etc., additional measurements such as coolant outlet temperature
for each bearing pair, bearing torque, carrier and bearing temperature, and loads
are needed to narrow the uncertainty in the heat generation values.

OCTOBER, 1982

1)

2)

The ball skidding analysis was repeated for LN, coolant. Essentially the same
results as described in paragraph 2 of the Septeﬂ%er 1982 summary were obtained.

Analyses were made to establish initial temperature red lines for the BMT operat-
ing in LN,. The outlet fluid temperature, based on a minimum recommended flow of
12.6 lbs/gec, and maximum inlet temperature of 160°R should not exceed 178°R. The
outer race temperature should not exceed 200°R for the initial no-load runs. As
more experience is gained with the BMT, these temperature limits can be relaxed.

The thermal model of the BMT bearing and shaft assembly was successfully executed
using the SINDA thermal analyzer. Although this was an initial checkout run, the
temperatures for the contact surfaces were significantly above the fluid satu-
ration temperature, indicating that vapor rather than liquid was piesent in the
contact areas. Consequently, it is unlikely that a fluid film thick enough to
partially separate the contacts exists, and even though the bulk fluid is at
cryogenic temperature, the dry film lubricant must perform at elevated temperature
in the bearing contacts.

NOVEMBER, 1982

1)

Techniques for adjusting the bearing life predictions due to lubrication film
thickness-to-surface roughness ratio were extracted from both SHABERTH I and
SHABERTH II. SHABERTH I 1lubrication factor is <1 and is therefore never a life
improver. SHABERTH II allows a life improvement factor to account for full film
lubrication. Since a life improvement factor for improved materials can be input
to the program, and all reduction and improvement factors are multipliers of the
Lundberg - Palmgren life model, the results of the two programs can be made to
coincide with the proper selection of these factors. These lubricant life adjust-
ment factors are not likely to be applicable to bearings operating in cryogenics.

Radial stiffness characteristics were evaluated for the turbine end LOX pump

bearing. In general, radial stiffness increases with axial load and decreases
with shaft speed. These results are shown in Figures 5.5.3 and 5.5.5.

4-2
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Preliminary data from the bearing thermal model irdicated several "hot spots" near
the ball race contacts where frictional heat generation is high, indicating local
boiling and/or vapor blanketing. Efforts, including an extensive literature sur-
vey, were undertaken to establish the heat transfer correlations most applicable
for the conditions in the BMT. No published correlation was found to match the
flow conditions in the tester. Based on a review of the literature, a Dittus -
Boelter equation was selected for prediction of the ferced convection heat trans-
fer coefficient, and Rohsenow's correlation for pool nucleate boiling was used to
predict the boiling heat transfer coefficient. As will be discussed later,
significant changes were made as more work was done to evaluate the two phase heat
transfer problem. Thermal analyses were conducted assuming no boiling heat
transfer. Results showed the need for additional temperature measurements to
verify the analyses. Recommendations were made for additional measurements on the
outer surface of the bearing carriers.

DECEMBER, 1982

1)

4)

An analysis was done to estimate the change in bearing preload, from the assembled
preload value, as the bearing shkaft assembly is cooled from room temperature to
LN, temperature and rotated to a speed of 30,000 RPM. Results show that room
teaperature preload is not significantly changed by cryogenic temperature (LN2)
and a speed of 30,000 RPM.

The unloaded bearings (1 and 4) will mgintain sufficient preload to prevent skid-
ding vor carrier axial loads up to 8,000 1bs. The preload spring hysteresis
introduces a maximum uncertainty of about 20% in the preload value.

An evaluation of bearing/shaft clearances show that an interference fit between
inner race and shaft is maintained during steady operating conditions at 30,000
RPM.  There is a potential for loss of interference during start transients when
the bearing is suddenly loaded and rotated to speed. Even if this occurs, there
should be no rotation of the inner race relative to the shaft because the assembly
is held together by a highly torqued nut at the load end of the shaft and a
balancing cap at the drive end.

Preliminary thermal analyses for an axial reaction of 2500 1bs and an assumed
temperature difference between inner race and outer race of 200°C (this assumption
was made to determine the frictional heat generated) show that bearing tempera-
tures are more sensitive to coolant subcesiing than chang2s in flow for flow rates
greater than 10 lbs/sec per bearing set. The temperatures become more sensitive
to flow at rates less than 10 1bs/sec per bearing set. This analysis does rnot
iterate between the bearing dynamic model and thermal model to obtain the fric-
tional heat generated and therefore should be considered highly preliminary.

JANUARY, 1983

1)

An investigation was initiated to evaluate the effect of carrier face run out on
apparent shaft assembly unbalance. The carrier run out can in effect produce an
angular misalignment on the bearing outer race. For this to simulate a synchro-
nous unbalance, the radial stiffness of the bearing would have to significantly
vary in the azimuth direction. Results show that for the misalignments expected,
the radial stiffness did not vary significantly in the azimuth direction and
therefore, the carrier run out should not be a problem.
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2) Using heat balance data from BMT tests, measured torque data viscous and fric-
tional heat loads were cstimated for the BMT thermal model. A dry friction
coefficient of 0.2 was cotermined from the torque data. The data was for low-
speed room temperature operation and considerable uncertainty remains concerning
the true friction coefficient at the bearing operating temperature and speed.

3) Coupling of the mechanical and thermal characteristics of the bearing shaft system
were simultaneously evaluated to simulate a thermal run away condition. This was
done for a 6000 1b axial reaction, coolant flow of 3.2 1bs/sec per bearing set and
an inlet coolant temperature of -285°F. For these conditions, there was a pro-
gressively increasing heat generation rate and bearing temperature indicating that
over-temperature failure would occur.

FEBRUARY, 1983

1) Estimated film thickness for bearings operating in LN, indicate very little
contribution of the fluid to contact lubrication. This %s especially true when
the contact surfaces exceed the fluid saturation temperature. This emphasizes the
importance of dry film transfer lubrication.

2) The radial stiffness of the 57 mm bearing was estimated as a function of ball
wear. Reduction in ball diameter of ~l mil reduced the radial stiffness of the
bearing by half.

MARCH, 1983

1) Contact stress analyses show that traction forces significantly affect the magni-
tude and location of the surface and subsurface stresses. The magnitude of
friction forces are important in determining failure modes for rolling element
bearings.

2) Estimates of fluid film thickness for the 57 mm bearings operating in LOX show
that the fluid film is insufficient to provide appreciable separation and/or
Tubrication of the loaded contacts.

3) Thermal and dynamic anaiyses indicate that steady state axial reactions of 10,000
1bs will cause thermal run away in the 57 mm bearing operating in LN2.

APRIL, 1983

1) Effects of carrier to housing clearances on outer race misalignment and bearing
operating characteristics produced the following results: (a) Diametrical
carrier to housing clearance of 1.3 mil caused an initial outer race misalignment
of 2.25 minutes; (b) This misalignment was reduced to an operating vaiue of 1.68
to 1.8 minutes depending on axial load; (c) Azimuth variations in radial stiff-
ness and contact stresses as a result of these misalignments are negligible; (d)
Highest ball speed orbital variations occurred for an axial reaction of 500 1bs -
variation was 20 rad/sec which should cause no problem; (e) Steady state thermal
analysis (for an axial load of 2500 lbs, 6.2 lbs/sec bearing coolant flow) indi-
cate a 27°F difference between carrier housing - this causes a 0.1 mil inter-
ference in these components.

2) Results of a preliminary evaluation of the BMT 57 mm bearing are as follows: (a)
Radial stiffness is nonlinear with radial load; (b) There is a strong dependence
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(2]

of radial stiffness on axiai load; (c) Since the inboard (2 and 3) and outboard
(1 and 4) bearings have different axial loads, the radial stiffness for the bear-
ings is considerably differert when the tester is axially loaded; the inboard
bearings are stiffer radially than the outboard bearings; (d) Radial 1loads
greater than 4000 1bs/bearing may over-stress the bearing contacts; (e) For these
high stresses, thermal run away of the bearings is possible; (f) Evaluation of
BMT Toad variation effects on bearing life can probably be done using the cumula-
tive damage approach.

MAY,

1)

2)

3)

1983

Radial stiffness evaluation for the BMT at a shaft spegd of 10,000 RPM show
stiffness values ranging from 650,000 1bs/inch to 2.4 x 10° 1bs/inch depending on
axial and radial loads. The greatest effect of speed on radial stiffness occurs
for the unloaded bearings (1 and 4) for radial loads up to about 850 1bs. Conse-
quently, the BMT bearing radial stiffness varies considerably depending on the
Toading condition and, for the load range specified, on shaft speed.

Results of the thermal analysis of the bearings show a complex relationship be-
tween bearing coolant temperature, coolant flow and load. Reduction in coolant
flow does not provide the normal linear increase in coolant outlet temperature
expected of a constant heat rate system. Although some nonlinearities are the
result of coolant heat capacity variations with temperature, a significant in-
crease in coolant temperature is caused by the increase in heat load due to the
loss of bearing interral clearances as bearing component temperatures increase.
This thermo/mechanical interaction becomes increasingly more pronounced at the
higher loads, higher coolant inlet temperatures, and reduced coolant flows.

The double linear damage rule is being considered as a tool for investigating
rolling bearing fatigue 1ife. This technique, if applicable, will allow load se-
quencing to be considered in estimating bearing fatigue life.

JUNE, 1983

1)
2)

3)

Numerical convergence problems with the thermal model of the BMT have been solved.

Techniques for estimatirg surface-to-fluid heat transfer coefficients, the surface
temperature at incipient nucleate boiling, and superheat (Tw-Ts) temperature at
the peak flux condition for high-flow, subcooled LN, have been updated. These
methods have been programmed for computer solution an% initial analyses have been
made to estimate bearing component temperatures.

Sensitivity analyses have been conducted to show the effect of wall superheat
(Tw-Ts) at the burnout point on bearing component temperatures. Comparison of
calculated and test temperatures indicate that the technique for determining the
transition from nucleate boiling to film boiling provides reascnable results.
More test data is required for complete confirmation.

The bearing thermal model is being updated to allow the heat rate to be dis-
tributed in the contact areas. The current model has the contact track repre-
sented as & single node (for each component). The updated model will have the
tracks represented by several nodes, allowing the frictional heat to be distribut-
ed in the contact area. Representative analyses with the current model show high
temperature in the bearing track areas. Although the analyses were done for LN2
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coolant, it indicates a potential high temperature lubrication problem for the
SSME turbopump bearings.

5) A NASTRAN noaal analysis of the bearing inner race has been initiated.

JULY, 1983

1) Lubricant film thickness estimates have been made for the MSFC materials fatigue
tester. Analysis shows that the film thickness-to-roughkness ratio allows marginal
boundary 1lubrication of the contacts (h/o <1). According to this analysis,
surface distress should occur which may cloud the results of fatigue testing.

2) The two phase heat transfer regimes, for high-flow subcooled 1iquid oxygen, have
been defined for inclusion into the bearing thermal model. This analysis shows
that the heat transfer mechanism should change from liquid forced convection to
vapor forced convection at a wall superheat of about 13°R.

3) The SHABERTH bearing analysis program has been modified to print the frictional

heat distribution in the bearing contacts. This will be used in the SINDA thermal
model to predict the temperature distribution in the rolling element contacts.
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5.0 DETAILED TASK DESCRIPTIONS AND RESULTS

This section provides detailed descriptions of the tasks accomplished and the
results.

5.1 JULY, 1982
5.1.1 WEAR TRACK AND BALL PASS COUNT ANALYSIS

A 57 mm bearing was modeled on the SHABERTH computer program with maximum clear-
ances and an arbitrary temperature distribution radially across the bearing. The
purpose was to determine if the observed bearing wear tracks could be matched within
the known loads applied to the bearing tester. As shown in Figure 5.1.1, a fairly good
match can be obtained with an axial load of 6500 pounds. For comparison, the calculat-
ed tracks for a uniform bearing temperature and nominal clearances are shown. The
temperature gradient used was an assumed one which was selected to investigate the
sensitivity of contact angle to increased diametrical clearances due to temperature
differences. This information shows that the bearing tracks can be influenced by
temperature and clearance as well as applied loads.

Cage speed data generated from SHABERTH was used to generate inner and outer race
ball passes per minute. This data was compared with the data measured during tester
operation. The comparisons, shown in Figure 5.1.2, indicate good agreement with the
measured and calculated values. Also shown is the ball spin speed compared with the
data derived from the tests. As illustrated, the above parameters are plotted as a
function of the bearing axial reaction load.

5.1.2 LOX TEST INCIDENT ANALYSIS

In support of the Bearing and Material Tester (BMT) incident investigation, a
scenario has been developed which describes the potential hazards associated with
operating the tester bearings in the temperature regimes that produce two phase con-
ditions in the coolant flow. The synergism of heating rate and flow pressure losses is
much more pronounced in the two phase flow regime than in the single phase regime. A
simplified flow network for the BMT is shown in Figure 5.1.3. Since each pair of
bearings is cooled by flow circuits in parallel, the flow resistances of each circuit
must be equal for equal flow and pressure loss. Furthermore, any flow lusses upstream
of the bearings must be the same in each circuit.

As indicated in the figure, this is not the case for the seal leakage. This is
probably not a serious factor sirce the absolute value of the real leakage is small.
However, if the bearing component temperatures exceed the saturation temperature of the
LOX coolant flow, vapor generation can significantly increase the resistarce to flow
tkrough the hot bearing. This in turn can cause a reduction in flow, reduced cooling,
and further increases in bearing temperature.

The effect of increased vapor generation on flow pressure 10ss is shown in Figure
5.1.4. This is the correlation for steam/water mixtures developed by Martinelli and
Neison. Although the correlation is for steam/water flow, it is general in the sense
that the same effect is experienced with other two phase mixtures. As shown in the
figure, there is a significant increase in pressure loss over the single phase value as
the percentage of vapor is increased. In a parallel flow network similar to the BMT
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coolant circuit, this will reduce the flow tc the bearing running the hottest and
producing the most vapor.

Another problem with operating in the two phase regime is the possibility of
exceeding the critical heat flux for nucleate boiling. This can cause a rapid increase
in component surface temperature. An example of this characteristic is shown in Figure
5.1.5. Shown in this figure is the measured outer race temperature for the failed
bearing superimpcsed on the pcol boiling curve for oxygen. The bearing temperature
shown is for the outer race which is the lowest expected temperature for any of the
bearing components (inner race, bal’s, etc.). The other bearing components will be
running at a temperature in excess of the measured outer race temperature.

Referring to Figure 5.1.5, it is evident that a small increase in load {heat flux)
will cause the operating conditions to immediately shift to point E with a correspond-
ing large increase in comporent temperature. The shift from C to D is not reversible.
A reduction in load will cause the operatirg point to follow the path E to D and then
move to the solid part of the curve horizontally across from point D. It is recognized
that the boiling curve shown is for pool boiling and does not completely describe the
high velocity flow through the bearings. In general, the velocity effect will be to
increase the critical heat flux point. However, as stated previously, the measured
temperature is the lowest expected for any bearing component. These two opposing
factors will tend to cancel and the possitility of the operating point shifting as
previously described is highly probable.

Supporting data indicating possible eoffects of vapor generation in the load side
coolant path are shown in Figures 5.1.6 and 5.1.7. This data represents the LOX inlet
manifold pressure for the flow circuits indicated. The mean steady pressure for the
load side (P 001) is about 440 psi, and <+ht2 equivalent value for the drive side is
about 419 ps}. There is, however, a bias ¢ifference of about 7 psi at the no rota-
tional point (time=0). Considering the tias, there is about a 14 psi difference be-
tween the two pressures with the load side beirj the greater. This could be caused by
vapor generation in the load side circuit (bearings 1 and 2).

Based on the above discussion, the follow ng conclusions can be stated:

(a) - First order instabiiities can occur when operating in a two phase regime near
the peak flux region. This can cause a rapid “ncrease in component temperature with a
small increase in heat load. It appears, as a first order approximation, that bearing
2 was operating near this condition prior to the incident.

(b) The parallel flow arrangement in the BMT requires stable flow resistances in
both paths for equal coolant flow. Large variations in flow resistance can occur due
to unequal heat generation in the bearings if the flow is two phase.

(c}) The combination of coolant flow reduction, increased vapor generation, and
loss of cooling efficiency can cause a "run away" situation causing rapid increase in
component temperature and subsequent failure,

(d) Based on the above, the BMT bearing compcnents should not be operated above
the coolant saturation temperature unless absolutely necessary. If operating above the
saturation temperature is required, the operating condition should be evaluated with
respect to tne peak flux condition to assure adequate cooling margin and sufficient
coolant flow to each flow circuit.
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5.1.3 ENERGY AND FLOW BALANCE ESTIMATES FOR THE BEARING AND MATERIALS TESTER

Energy and flow balance analyses were conducted to investigate the differences in
energy flow into and out of the tester luring the LN, tests and LOX tests. In addi-
tion, inlet and outlet pressure measurements were ev§1uated in an attempt to compare
tester flows during the LN, and LOX tests. Four test conditions were evaluated: (1)
LOX flow, (2) LOX rotatio&%], (3) LN, flow, and (4) LN2 rotational. The flow tests
were evaluated to judge the va11dit§ of pressure and“temperature readings and to
estimate the heat gain of the tester flow from the atmosphere. Figures 5.1.8, 5.1.9,
5.1.10, and 5.1.11 provide a summary of the four test conditions. These figures show
the test values and schematically locate the instrumentation of interest. Test identi-
fication information is shown in the upper right corner of each fiqure.

The flow test data (tester not rotating) are shown in Figures 5.1.8 and 5.1.9. As
indicated in the lower left corner of Figure 5.1.8, temperature measurements T 1
through T1 are resistance bulb (RB) thermometers and the other temperature meas&gg-
ments are Q%%rmocoup]es. There appears to be a problem with the RB's during the LOX
test since they show a decrease in temperagyre across the tester in the flow direction
(see Figure 5.1.8). They also read about 6°F lower than the thermocouples in compara-
ble locations. The RB's are in fair agreement with the thermocouples during the LN
flow tests (Figure 5.1.9). Since the RB's appeared to be in error during the LO%
tests, the thermocouple measurements at the entrance and exit manifolds were used to
estimate the heat flow.

Pressure measurement P_ is inconsistent with the upstream and downstream pressure
measurements for both LOX tést conditions. T 2 is not provided for the LOX tests and
T, is a bad measurement. As stated above, Fﬁ% LCX flow test data were evaluated to
détenmine the ambient heat flow into the tester. As shown in Figure 5.1.8, there is
very little temperature gain as the flow moves from the inlet to the exit manifold.
Using the stated LOX flow rate of 9.1 1bs/sec. and the inlet and outlet temperature
difference, an ambient heat input of about .5 Btu/sec was calculated from the LOX flow
test data.

The BMT thermal system was defined as follows:

w Q
T
1 T
Pi 1 1 p°
hi . ho
0
?
M e——e BMT b M
4
Inlet Manifolds Outlet Manifold
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fluid enthalpy
inlet conditions
outlet conditions

subscripts:

Ne v 1§
spectra reseaica svysioms ' POOR QuaLiTy
where: m mass flow rate

T temperature

P pressure

Q heat rate

W power

h

.i

0

An energy balance on the system defined above is as follows:

W+ Q=mh - ol3
w + Q m(ho h1)+dt
where: g% is the time rate of change of internal energy assumed to be zero, thus

implying steady state conditions.

The power term (w) is determined from the torque and speed measurements and, as
stated previously, the ambient heat flow term was evaluated from the flow test data and
assumed to be the same for the rotating tests. Shown on Figure 5.1.12 are the terms of
the above heat balance for the four test conditions. As shown in the figure, there is
an excess of energy not accounted for in the steady state energy balance. The LOX test
gives about 20 Btu/sec and the LN test about 8.4 Btu/sec excess energy input into the
system. This is a maximum error &4 12% and 4% for the LOX and LN2 heat balances.

Although this is fairly good agreement, there are several possible explanations
for the energy imbalance. The calculation of power input to the tester is questionable
because the torque is measured at the gear box input. This requires the gear box
torque to be determined at no load conditions and subtracted from the test value.
Since the loaded gear box torque is very likely greater, and the gear box torque can be
affected by gear box temperature, etc., this method of determining the BMT torque has
several uncertainties. A torque measurement at the gear box outlet is needed to
eliminate these questions.

Other sources of potential error are the temperature and flow measurements, and
the storage of energy in the tester hardware. Since the tester housing temperature
does increase during the rotation tests, some erergy is being stored. An accurate
estimate of the amount is difficult due to the complicated geometry of the tester.
Assuming for the moment that the energy storage term is small and the power input is
correct, it is interesting to note that the energy input to the coolant flow (mah) is
about 11% greater during the LN, runs as compared to the LOX tests. Because of the
higher LOX density it would be egpected that the viscous work done on the LOX would be
considerably greater than done on the LNZ' This could suggest higher bearing friction
in the LN

9

Based on the preceding evaluation, the following conclusions can be stated:

1)  An overall system energy balance is a valuable too] for evaluating the
validity of the temperature, pressure, torque, speed, and flow data.

2) To improve the capability of this technique several changes should be made in
the tester instrumentation as suggested below:
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spectra research ~vstams
a) Provide a torque measurement at the drive end of the BMT.

b) Add additional temperature and pressure measurements at the entrance and
exit manifolds of the tester to assure more than one measurement at
these critical locations. The temperature measurements should be that
of the fluid and not the metal.

3) It is highly desirable to determine the flow rate to each pair of bearings as
well as the total flow through the tester. Since flow is such a critical
parameter, redundant measurements need to be considered.

5.2 AUGUST, 1982
5.2.1 [INVESTIGATION OF BEARING TEMPERATURE GRADIENTS ON OPERATIONAL CHARACTERISTICS

A single 57 mm ball bearing has been modeled on the SHABERTH computer program.
Several temperature gradients were imposed and their effects on contact angle, normal
forces, contact stresses, operating clearances, and heat generation were determined.

Figure 5.2.1 shows the variation of inner and outer race contact angles and
stresses as a function of bearing temperature difference. The positive temperature
gradient is from the shaft to the bearing housing. The shaft and inner race are
assumed to be at the high temperature and the ball temperature is assumed to be the
average of the inner and outer race. As shown, the operating contact angles exhibit a
significant decrease at the higher temperature differences with a corresponding in-
crease in contact stresses. Figure 5.2.2 shows the effect of the temperature differ-
ences on the bearing operating clearances. As the clearances go from positive to
negative, an internal preload is introduced which in effect increases the bearing
preload. As shown, this occurs for a rather small temperature difference. It should
be pointed out, however, that these analyses were made using the worst case stack up of
tolerances to minimize the bearing clearances.

Shown in Figure 5.2.3 are the normal forces per ball for the inner and outer races
as they are influenced by the bearing temperature differences. The forces appear to be
approximately linear up to a temperature difference of 150°C and become a power func-
tion or exponential function as the AT increases. Shown in Figure 5.2.4 is_this effect
on the increase in heat generated at the contact surfaces. After about 200°C AT. there
is a sharp rise in heat generated as the AT across the bearing is increased. The
increase in heat generated will increase the bearing AT and, in turn, the AT effects
will increase the heat generated. This can resuit in an unstable condition causing
premature bearing failure.

5.2.2 MODELING THE EFFECTS OF BALL DRAG ON BEARING OPERATING CHARACTERISTICS

The SHABERTH computer program does have the capability of evaluating the effects
of ball drag. Unfortunately, the treatment of the hydrodynamic effects have been
programmed considering the properties of lubricants operating in a nominal temperature
range of -60 to 600°F. For example, the temperature correction for the lubricant
density is given as:

o(T) = o(60%F) - 6(T - 60°F)

5-17
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2.3 TRACTION COEFFICIENT - EXPERIMENTAL DETERMINATION

One of the key parameters used in the bearing computer dvnamic simulation
is the traction coefficient, i.e., the ratio of the transverse force
required to cause the ball to slip on the raceway (FS) and the normal ball-to-

raceway load (W). A special test fixture was used to determine this coeffi-

cient. This test machine is shown schematically in Figures 2 and 3 and
pictorially in Figures 4 and 5. The test machine consists of two of the
100-sm bearing inner races mounted on parallel precision spindles with a sin-

gle ball loaded between them and maintained in this location by a segment of

the ball separator consisting of one of the ball pockets. By rotating the twc

precision spindles at precisely controlled speed, a small differential speed

between the two spindles can cause ball slipping on the raceways. The ball

pocket segment is mounted on a three-axis force transducer which permits
measurement of the slip force required to maintain the ball in position, cen-

tered between the two races. A detail drawing of the ball pocket/transducer

mount is included in Appendix C. By plotting the measured traction force

LEFT DRIVE
SPINDLE

SALL SEPARATOR
SEGMENT

LOAD-LEVER-ARM
ARRANGEMENT

RIGHT DRIVE
SPINDLE

TRI-AKIS
FORCE
TRANSDUCER

/m

CONTROL

Figure 2. 83l /race traction test machine schematic.
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where o(60) and G can be input or a lubricant can be selected that has its properties
already programmed. Obviously, 0. does not exist as a liquid at 60°F and the above
equation does not account for a pﬁase change from gas to liquid. Therefore, a ficti-
tious value for o(60) can be used or a lubricant selected that has a density range
covering LOX, when the appropriate temperature js used in the above equation.

Another problem associated with LOX as a fluid is caused by the way the program
accounts for viscosity variations with temperature. Typical lubrication viscosity data
have been correlated with the following expression:

10910 log10 (v+0.6)=A-8B 10910 (T + 460)

where A and B gre constants getermined by substituting the known values of viscosity
(V) at T = 100°F and T = 210°F and solving the two resulting equations for A and B.
For a low viscosity fluid such as LOX, the term (v+.6) is lecs than one thus requiring
taking the log of a negative number.

To work around the above problems, SHABERTH was run at LOX temperature vsing a dry
lubricant friction coefficient. The purpise was to determine the operating clearances
at LOX temperature. These clearances wili be used as input for a higher temperature
run (temperature selected to obtain a match of lubricant and LOX density) with a fluid
to determine the drag force on the balls.

The ball drag force is determined by:

SAVCv(dmWo )

Fw = 8g

Av = ball frontal area

Cv = drag force; determined as a function of Reynolds Number
dm = bearing pitch diameter

Wo = ball orbital velocity (cage speed)

o = density of fluid in the bearing cavity

The density of the fluid in the bearing cavity is determined by:

o = XCAVpo

o is the density of the liquid and XCAV is an input variable defining the percent
l?quid in the bearing cavity. Obviously, the ball drag force can be varied by varying
the value of XCAV. The technique for using SHABERTH for estimating ball drag effects

js as follows:
1) Run SHABERTH at LOX temperatures to establish operating clearances.

2) Run SHABERTH at appropriate temperature to provide a lubricant density
equivalent to LOX density.

3) Use the values of viscosity to calculate a Reynolds Number to determine the
drag coefficient Cv, and calcalate the drag force used by the program. Any
value of drag force can be investigated by varying XCAV.

To date, successful runs have been made using this technique. The results are
provided in Section 5.3.2.
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5.2.3 EQUIVALENT THERMAL CONDUCTANCE BETWEEN ROLLING ELEMENTS AND RACES OF HIGH SPEED
BEARINGS

Finite element modeling of the thermal characteristics of high speed rolling bear-
ings requires cuveloping a technique for thermally connecting the finite elements of
the rolling c.mponents with the finite elements of the stationary race and rotating
race. Rigorously describing the time dependent physical picture of the rolling contact
conductance is not considered practical, or necessary. A LOX bearing tester (57 mm)
shaft speed of 30,000 RPM produces a ball speed of 85,000 RPM and a cage speed of about
13,000 RPM. A contact on the ball encounters a contact on the outer race about 5.3 x
107 times per second with a contact residence time of approximately 3.2 x 10~ sec. Ig
account for the effect of each contact would require a computer time step <3.2 x 10
sec. This was not considered practical in terms of computer time for a model consist-
ing of a large number of elements. The desirability of a well defined temperature
gradient near the surface of the bearing elements dictated a fine element breakdown,
resulting in a relatively large number of model elements. Since the shaft bearing
system is rotating at steady speed, the highly transient rotating effects can be
resolved into a more manageable "quasi static" condition for thermal modeling.

The SHABERTH computer program provides a method for estimating the thermal resis-
tance between bearing elements. This method essentially replaces the actual rotating
system with a thermally equivalent static model. In this system, the temperature is
assumed uniform in the angular direction on each contact surface (i.e., there is no
thermal gradient along the length of the contact surface). The thermal resistance is
therefore taken to be equivalent to the resistance obtained by suddenly exposing the
end of a perfectly insulated rod initially at zero temperature to a source of finite
temperature. The solution of this problem is given in "Heat Transfer", Volume 1, page
359 by Jakob. The referenced expression for the heat transfer to the rod is:

1) - kAto
qO vTraT
k = thermal conductivity
A = contact area
a = thermal diffusivity
t = period of contact
to = difference in hot body and rod temperature
From the above expression the thermal resistance can be expressed as:
2) Q= /1ot

kA
As will be shown, this is equivalent to the value given in SHABERTH. The follow-
ing parameters are defined as indicated:

A = rab; Area of contact ellipse
a,b = semi-major and minor axis of contact ellipse

.. e _ 2
rgvg ¥
rg = ball radius
wg = ball rotationa! speed

Substitution of this parameter into equation 2 gives:
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Equation 3 can be rearranged to give:

4) o= 1 T
“ " 1.57 ka /' 2bv

This is equivalent to the expression given on page 15 of the SHABERTH operation
manual.

The concern with using the above expression in the finite element modeling arises
from the fact that the model bearing requires two finite elements to be in contact.
Therefore each element has a resistance associated with it and both element tempera-
tures are changing with time. Other simplifying assumptions such as the perfectly
insulated surfaces of the rod require all the heat to flow in one direction.

An alternate technique for estimating the effective thermal resistance is devel-
cped as follows. Assume a control volume consisting of an element in the race con-
tacting an element in the roller:

_T_ Race T
7AX
_.L —V Roller
J
2b —

Further, assume the only heat transferred is between the race and ball elements,
no temperature gradients exist in the elements, and T is a constant average temperature
for the time of contact.

The heat gained by the rolling element is:

5) dq = dm Cp dT
de

The heat lost by the race element is:
6) dq=—-Z—X(T-T)dA

E)

. _ _k_ - _ . * -
7) MepdT = - X (T - T)dA; M

o
(¥

8) To =T (T=Ti)e KA/AXMCp

9) kA _ a/m
AXMCp B XFV

10) MCp (Ti - To) = ¢ (T - Ti)
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where C; is the thermal conductance between the elements. Combining equation 8, 9, and
10 gives: )

11) Cl = MCp (1 - e)‘(lv:;b/’ix:v
12) %= oax,Tav
p = density
V = velocity of rolling element

Combining equations 11 and 12 gives the contact resistance in terms of the bearing
physical ard operating parameters.

13) fe = —1 = 1
€1 oax/Fav(i-e)

A quantitative comparison of resistance values calculated from the preceding
methods and the standard static values of resistance is provided as follows. The
values used are for a 57 mm, 440 C steel bearing rotating at a shaft speed of 30,000
RPM with a ball speed of 85,000 RPM,

°Qv%/AXW

Using the procedure provided in SHABERTH, the contact resistance is calculated as
follows:

™

- _ 1
“ 7 1.57 ka Y2bV

. 12 m)(.321)(12 - g3 hroF
* T TT57)(16.92)1.077 I?TTT%?%§(3&3{§T%TFT§7) Bt

The method developed herein gives:

) 1
= SAX7mavV(i<e -avmd/AX2V)

—-(.321) (/%) (.035)(12
™07 (- 11)16.67 x 10°){1-e" e reias=2tast]

-3
_6.605 x 1073 _ hr°F
2= "7 ogsg - C-%64 gy

o]
"
e

The resistance for a static case can be expressed as:

X
£ = {rab

_ .005)(12 N hr’F
2= METeR . 0%o7) - 0-%61 g
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It is evident that the method derived herein gives essentiaily the same resistance
values as would be used on modeling a stationary system, when representative values of
contact area and velocities are used. Since the stationary resistance is higher than
the value calculated from the equation in SHABERTH, and will consequently yield higher
AT's across the bearing, it is conservative in its effects on bearing clearances and
element temperature gradients. For these reasons, the stationary resistances will be
used in the developwent of the bearing model. As operating speeds, bearing size, etc.
change, these charges will be incorporated in the “"quasi-static" resistance calculation
to be sure the static case remains in good agreement.

5.2.4 STATUS OF BEARING THERMAL MODEL DEVELOPMENT

A thermal model of the LOX BMT bearing set is being developed using the SINDA
thermal modeling program. At this point in time, all nodes in the rolling element,
inner raceway, and outer raceway have been determined for detailed temperature analysis
in the areas of particular interest.

Data (i.e., cross sectional area of flow path, length of path, thermal conduc-
tivity, heat sources, etc.) is currently being assimilated into card formats which will
be used to run the SINDA program. This program is already fully operational on the
MSFC UNIVAC 1100 and therefore should require no modifications.

5.2.5 GRAPHICS CAPABILITY DEVELOPMENT FOR DATA REDUCTION AND DISPLAY

During the past month, the development of software to plot data from the BMT has
progressed. The capability for conversion of raw data from the Engineering Units Tape
is complete. Current tasks being pursued will allow plotting of selected data in a
report-ready form on remote terminal CRT's which will then be hard-copied directly from
the screen.

The routines to be used are found in the Tektronix PLOT 10 Terminal Control System
User's Manual (4010A01) and the Advanced Graphing II User's Manual (062-1530-00).
Copies of these documents have been obtained and studied.

End product specifications have been completed and data tapes have been logged on
the system. A duplicate data tape (1abel #10315) has been created with a six month
save option. An attempt has been made to mount the tape containing the conversion
routine but an incompatibility existed. This is expected to be a minor problem that
will be solved shortly.

Requirements that the software have the capability to plot any single data channel
against any of the other channels have been established. Additionally, the software is
to be developed so that it may be easily expanded at a later date to plot several lines
on a single graph and provide multiple scales. Plots produced for the STS Data base
are to be the general model for plot style from the instrument measurement system.

5.3 SEPTEMBER, 1982

5.3.1 CONTINUED INVESTIGATION OF BEARING TEMPERATURE GRADIENT EFFECTS ON OPERATIONAL
CHARACTERISTICS

The development and initial checkout of a detailed finite element computer thermal
model of the bearing pair used in the LOX turbopump turbine end has been completed.
This model can be exercised for both transient and steady state operating conditions
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and provides a level of detail allowing the determination of thermal gradients at the
rolling element contact surfaces. This model, coupled with SHABERTH, allows a complete
dynamic and thermal analysis to be made for a shaft/bearing system. The capability tc
provide detail thermal gradients to support metallurgical, fatigue, and stress analysis
is now available.

In the previous report, August 1982, the results of imposing several temperature
gradients on a 57 mm ball bearing model were given. Due to inadvertent use of input
da&a, these results are for a bearing with .0036 inch radial play at a contact angle of
2 Since the test bearing has zero radial play at this contact angle, the input was
modified and the analysis repeated. These results are shown in Figures 5.3.1 through
5.3.4. In comparing Figure 5.3.1 with Figure 5.2.1, it is evident that eliminating the
radial play reduces the contact angie and increases the contact stresses, as should be
expected. Comparison of the operating clearances (Figure 5.3.2) indicates a slight
reduction in clearance for the case of no radial play. This results in an increase in
frictional heat generated at the contact surfaces as can be seen by comparing Figure
5.3.4 with Figure 5.2.4.

The conclusions reached in the August report are unchanged. Elimination of the
radial play slightly increased the sensitivity of operating conditions to bearing
temperature differences. The previously discussed charts are labeled "minimum clear-
ances". However, there may be other combinations of clearances that produce slightly
tighter operating clearances. Although significant changes are not expected, this
possibility is being investigated along with clearance combinations that provide maxi-
mum operating clearances. It should alao be stated that the lower range of operating
temperature for these analyses was -180"C or 168° R, wh1ch is representative of the LH
test environment. The higher temperature of the LOX (193 R) will have a slight effec%
on the clearance values.

An important factor in bearing life is the amount of slip occurring between the
ball and races. The Lundberg - Palmgren method (Reference 1, page 411) for evaluating
rolling btearing fatigue life is based on the assumption that bearings are lubricated
and operated "properly". Proper operation means proper alignment, adequate loading to
preclude skidding, free of contaminants such as dirt, etc. When the bearing is
operated properly, sliding occurs in the contact area due to deformation of the sur-
faces. Since the Lundberg-Palmgren fatigue model is based on empirical data, this type
of sliding is assumed to be accounted for in the fatigue life equations. Sliding which
occurs because of skidding is not accounted for. According to Reference 1, the follow-
ing expression can be used to reduce the dynamic capacity of the point contact due to
ball spin.

Presumably @ must be determined experimentally, and

b = Semi minor axis of contact ellipse
a = Semi major axis of contact ellipse
Hs = Ball spin normal to contact surface
Nro]] = Ball roll relative to contact surface.
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As a start in investigating this effect, the ball spin to roll ratio for the 57 mm
bearing was calculated as a function of AT across the bearing. Since the SHABERTH
computer program does not provide this calculation directly, additional computations
were performed. The necessary ball rotational information generated by SHABERTH is as
follows:

Nx = x component of ball speed
W' = y component of ball speed
. z component of ball speed

Using this information, the ball spin (W.) and rol1l (W ) can be determined by
constructing a vector diagram as shown in Figuré 5.3.5. fFrom ﬁ}gure 5.3.%, the follow-
ing expressions can be obtained:

Ball Spin:

W .= (W -W) Sin a,+W_ Sin a,-W_Cos a,
si s o i x iy i

1) = W = -W Sin a +W_ Sin a -W_Cos a
so so o o X oy o
Ball Roll:

W = (W ~-W ) Cos a.+W_ Cos a,+W_ Sin a,
ri 3 o i x iy i

1% =W Cos 3 -W Cos a -W_Sin
ro o 0 X oy o

Where: W

=
]

Ball spin normal to inner and outer races respectively.

si’ "so
HS = Shaft speed
No = Ball orbital speed
@i, Oy = Inner and outer contact angles
wri’ Nro = Ball roll speed relative to inner and outer races

The spin-to-roll ratios can therefore be expressed as follows:

Inner Race:
W, (W -W ) sin a,+W_ sin a,-W_cos O,
si s O i x iy i

W, = (W -W ) cos a,+W_ cos a +W_ sin o,
ri s o i x iy i

Outer Race:
-W sin x +W sin 1 -W_cos 2
sO (8] o X O Yy o]
1Y) W cos % -W cos 3 -W_sin 1
ro o o X oy 0

The inner and outer race ball spin-to-roll ratios are shown in Figure 5.3.6 as a func-
tion of bearing temperature difference. As shown, the ball spin is reduced as the
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temperature difference is increased. This is the result of increased normal loads and
friction forces and the reduced differences in inner and outer contact angles. It is
evident that for a given set of conditions; lcad, speed, friction coefficients, etc.,
there is an optimum bearing configuration, contact angle, inner and outer race curva-
ture, etc., that will minimize the combi-ed effects of ball spin and heat generation
and maximize bearing life.

These analyses have been conducted using a clearance stack producing a minimum
contact angle. Similar analyse: will be mrde using a clearance stack to maximize the
contact angle. This will provide a band of information over the possible range of
contact angle variations.

5.3.2 ESTIMATES OF BALL DRAG FORCES, TORQUES, AND HEAT GENERATION

Proper manipulation of the input data allows the SHABERTH bearing program toc
calculate the heat generated due to viscous and form drag on the orbiting balis in a
Tow viscosity fiuid such as LOX. This technique was explained in Section 5.2.1.
Estimates of ball drag, torque, and heat generation can be made as a function of the
percent liquid assumed to be in the bearing cavity. Shown in Figure 5.3.7 are the
preliminary results of an analysis on the 57 mm bearing. As noted, the data are for a
single bearing assumed to be operating in a stagnant fluid. The percent fluid in the
cavity can be interpreted either as a Tow density fluid or the partial filling of the
cavity with liquid.

Although bearing characteristics such as contact angle were not affected by ball
drag, the fluid drag on the balls does cause ball slippage or skidding in a lightly
loaded bearing. This effect is shown in Figure 5.3.8 which gives the ratio of cage-to-
shaft speed as a function of bearing reaction, percent fluid in the cavity, and fric-
tion coefficient. Although this information should be considered preliminary due to
convergence problems with the machine solution, the trends are believed to represent
the physical characteristics. This problem should be overcome by going to a higher
level of solution in the SHABERTH program.

As shown, the effect of increased flooding of the bearing cavity is to slightly
reduce the cage rotational speed at bearing reaction loads above approximately 150
pounds. Below 150 pounds there is a significant reduction in cage speed indicating
bearing slip on the inner race. A reduction in friction coefficient increases the ball
slip which further reduces the cage speed as shown. This indicated that a combination
of low axial Toad and high fluid drag can cause significant slip between the rolling
elements and the inner race. The consequence of this is increased heat generated,
wear, and shorter bearing 1ife. The fluid density used in these analyses is represen-
tative of LOX.

The effects on bearing frictional and viscous heat generaticn are shown in Figures
5.3.9 and 5.3.10. Figure 5.3.9 provides data for a 50% flooded cavity and Figure
5.3.10 is data representing a 100% flooded cavity. As shown, the fractional heat
generated increases, after passing through a minimum point, as the bearing reaction
load is reduced. The effect is more severe for the 100% flooded cavity. These effects
could be considerably more severe than indicated for some combinations of axial and
radial loading. for instance, if a bearing is lightly loaded in the axiai direction
with significant slip between rolliing elements and inner race, a sudden application of
radial load will cause the friction forces between the ball and race to incrzase.
Since the ball/cage mass cannot be instantaneously accelerated to the cage equilibrium
speed, considerable damage can be done to the balls and races due to slippage under
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FIGURE 5.3.10
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high loading. This input could explain the abnormal wear observed in the LN, tests for
bearings 1 and 4 of the BMT. Efforts are under way tc extend these analyses“to include
other friction factors and modify the fluid density to represent LN2.

5.3.3 CORRELATION OF TESTER INTERNAL POWER DISSIPATION WITH BEARING TEMPERATURE
DIFFERENCES

To determine the sources and magnitudes of heat generated in the BMT, each compo-
nent was evaluated and an estimate of the amount of energy dissipated was made. The
total amount dissipated was then ccmpared to the total energy transferred to the LOX
coolant flowing through the bearings. As will be shown, the total energy estimated
from the component analysis is less than the energy transferred to the LOX coolant.
The LOX coolant and component energy can be balanced, however, by assuming a tempera-
ture gradient across the bearing. As discussed previously, the temperature gradient
causes increased internal loading and heat generation.

The power estimates for each component in the BMT is shown in Figure 5.3.11. This
information was calculated using semiempirical relationships provided in Reference 2
and viscous ball drag obtained from the bearing computer program. Several assumptions
were necessary to complete the power estimates. The most significant are as follows:

1) The f1:id has no rotational speed prior to entering bearings 1 and 4.

2) Front faces (face to shaft shoulder) of bearings 2 and 3 are rotating in
stagnant fluid.

3) Fluid is rotating at cage speed between bearings 1 and 2 and between bearings
3 and 4.

4) The power dissipated by the shaft section between bearings 2 and 3 was
determined by averaging the power estimates based on inlet fluid properties
and exit fluid properties.

5) The power estimated for disks and cylinders can be superimposed to obtain the
combined slinger-shaft power.

As shown in Figure 5.3.11, only the bearing frictional power for the loaded
bearings (2 and 3) was varied as a function of bearing temperature differences. Energy
values for other components downstream of bearings 2 and 3 would vary as additional
heat is added to the coolant. This effect was considered secondary in view of the
other uncertainties in the analysis. The other side of the energy balance is the
energy absorbed by the bearing coolant flow. This was estimated in the July 1982
progress report and the summary results are provided in Figure 5.3.12. As shown, 182.1
kWw of erergy was estimated to be absorbed by the bearing coolant flow. Since this is
in excess of the 165.7 kW estimated to be generated, it is suggested that a temperature
gradient across the bearings could explain the discrepancy. Figure 5.3.13 illustrates,
in graphical form, the information provided in Figure 5.3.11. Also shown in Figure
5.3.13 is the temperature gradient across the bearings (2 and 3) necessary to achieve
an overall energy balance.

In summary, the results of the analysis strongly indicate that the inner races of
bearings 2 and 3 are considerably higher in temperature than the outer races. This
condition can become unstable causing excessive internal loads and temperatures re-
sulting in rapid deterioration and failure of the bearing. In addition, careful
consideration must be taken to ensure the unloaded bearings (1 and 4, do not become
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unloaded to the extent that significant slip or skidding can occur between the balls
and inner races.

5.3.4 BEARING THERMAL MODEL DEVELOPMENT

The development of the thermal model for the LOX BMT Bearing Set is progressing
and a summary of the work accomplished is shown in Figure 5.3.14.

The area of the tester under consideration with respect to the model is illustrat-
ed in Figure 5.3.15 by the slashed boundary lines and includes the shaft, inner races,
outer races, bearing spaces, cages, carrier, and housing. Two back-to-back mounted
duplex bearings will be analyzed. Figure 5.3.16 shows the cross-sectional view of the
tester. The slashed lines in the figure indicate the boundary Tines for the model from
this prospective. Each pie shaped slice is identical and all thirteen will be connect-
ed by parailel resistors to model the heat flow for the entire bearing.

Figure 5.3.17 and 5.3.18 are included to illustrate the methodology used in the
finite element or node analysis of the bearing components. Figure 5.3.17 shows one-
eighth of the surface area of the rolling element. The nodal break-up below the
surface in Section 1 (the ball track area) is represented in Figure 5.3.18. The other
bearing components are partitioned into nodes in a similar manner.

During the past month, the capacitance data for the tester components, as shown in
Figure 5.3.14, has been calculated and arranged in a format to be used in the "SINDA"
(Systems Improved Differencing Analyzer) thermal modeling program. This task included
computing the volume of more than 200 irregularly shaped nodes. The capacitance of
each node was determined using a constant value of specific heat for the material over
a range of 32°F to 212°F. The process of obtaining the specific heat and thermal
conductivity data for each material as a func.ion of temperature has been initiated.
This information will be input into the SINDA program in array form and used to calcu-
late the current capacitance and conductance values of the respective nodes during each
iteration of the heat transfer equations.

The calculation of more than 800 conductance values was also accomplished in the
past month. These values were determined using thermal conductivity data for a temper-
ature range of 32°F to 212°F. When further data is obtained for the thermal
conductivity of the materials as a function of temperature in the range of consid-
eration, it will be utilized as described in the previous paragraph.

The heat-transfer coefficients {convective film coefficient) for forced convection
to the coolant from the rolling element and races have also been calculated during this
reporting period. Several analogies between heat and momentum transfer in turbulent
flow were investigated including the Reynold's analogy for tiurbulent flow inside a pipe
and along a flat plate. The Prandtl analogy for momentum and heat transfer for turbu-
lent flow in a pipe was determined to be the best approximation fcr the situation to be
modeled. The bearing thermal model is continuously being improved, and as will be
discussed in later reports, extensive updating of nodal structure and fluid film
coefficients have been mode.

The SINDA is a software system which possesses the capabilities th.t make it welil
suited for solving lumped parameter representations of physical problems governed by
diffusion-type equations. The system was designed as a general thermal analyzer
accepting resistor-capacitor network representations of thermal systems.
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At this time, a simplified, sample thermal problem is being exercised using the
SINDA software to investigate all parameters and peculiarities of the package.

5.4 OCTOBER, 1982
5.4.1 EFFECTS OF BEAKING PRELOAD ON CAGE SLIP AND FRICTIONAL HEAT GENERATION

An analysis has been made to evaiuate the effects of axial load on bearing cage
speed and heat generation rates due to rolling element slip with respect to the inner
race. The effects of viscous drag, due to the rolling elements rotating in the LN,
coolant, was accouited for in modeling the 57 mm LOX turbopump bearing for analysiS§
using the SHABERTH Bearing Analysis Computer Program.

The objective was to determine the axial load that would allow the viscous drag
force to overcome the ~oatact friction forces to the extent that significant slippage
could occur at the rolling element/face interfaces causing appreciable ircreases in
inner race heat generation. Since the friction force is directly proportional to the
coefficient of friction, which is not conclusively known, the friction coefficient was
varied over a range from 0.08 to 0.22. The results of the investigation are shown in
Figures 5.4.1 and 5.4.2. The data shown in Figure 5.4.1 for a friction coefficient of
.08 indicate that, below a specific value of axial load, the heat generated at the
inner race decreases to a minimum and then increases to a maximum. The same charac-
teristic should occur for the other friction coerficients.

Inability of the computer program to converge to a solution at the lower ievels
prevented completing these curves in the low load region. It should also be observed
for the friction coefficient of .08 that the heat generated by cage drag begins to
decrease as the heat generated at the inner race begins to increase. Shown in Figure
5.4.2 is the cage/shaft speed ratio as a function of axial reaction, friction factor,
and fluid drag. The upper horizontal line represents the case for no fluid drag. For
these conditions, the cage to shaft speed ratio is about 43%. As shown, a decrease in
friction force (friction coefficient) reduces the cage speed. Furthermore, a reduction
in axial load reduces the cage speed dramatically at loads below abcut 30C 1bs.

The results of this analysis provide a better understanding of why bearings 1 and
4 of the BMT were degraded even though they were 1ightly loaded in the axial direction.
Based on these results, a design requirement should be to provide at least 400 1bs of
preload in the bearings at all operating conditions.

5.4.2 RECOMMENDED COOLANT TEMPERATURE LIMITS FOR 57 mm BEARING OPERATING IN LN2

Since the liquid density of LN, is approximately 43% less than LOX at the nominal
operating temperatures and pressureé for the BMT, the viscous work done on the LN2 is
estimated to be approximately 43% less than the wcrk done on the LOX, provided”the
tester configuration was identical for the LN, and LOX tests. The overall energy
balances (Figure 5.3.11) for the N, and LOX té%ts show that the energy input to the
coolant is about 11% higher for the {NZ tests. This apparent contradiction may be due
to any of the following:

a) Changes made to the BMT following the LN, tests. Changes were made to the
slinger and could account for part of the %pparent high heat input during the

LN2 tests.
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b) The LOX may provide a better lubrication medium than the LN,. Since LN, is
inert, any oxide films would not be reformed once worn away. Such f%]ms
could improve the friction coefficient.

c) Inaccurate measurement of coolant temperature and flow.

The conservative approach is to assume that the tester changes will reduce the
viscous work by the density ratio (43%) and therefore the heat generated in the bearing
should be limited such that a maximum value of contact stresses (425 K psi) will not
be exceeded. The value selected corresponds to a 100°C temperature difference across
the bearing, as shown in Figure 5.4.3. This is a relative high value for sustained
operation (For sustairea running, the Hertz stress should be limited to ~350 K psi) but
should be adequate for establishing cutoff limits.

Reducing the previously estimated viscous energy for LOX (Figure 5.3.11) to
account for the lower LN, density, gives a value for LN, viscous work of 106.3 kW. The
frictional heat gencrate% by the bearings at 100°C aT ?s 15.2 kW. This gives a total
heat input into the LN, of 121.5 kW. Based on the above values, the data provided in
Figure 5.4.4 can be nerated. At flow rates less than 1C 1bs/sec, the limiting
criteria is to maintain the coclant outlet temperature about 30° below the saturation
temperature. Since the outlet temperature for the second LN, tests (see Figure 5.4.5)
rose about 30°F, restricting average inlet flow to 160°R wouqd give an outlet tempera-
ture of 190°R which is approximately 30° below the saturation temperature of LN, at 400
psia. This provides a safety factor of 2 with regard to the outiet fiow condittons.

The above values provide limits based on an overall energy balance. It is also
necessary to monitor and limit the energy generated by each bearing nair. To establish
the 1imiting AT across the bearing, the bearing viscous work and friction heat were es-
timated assuming a 100°C radial temperature difference across the bearing (1imits Hertz
stress to ~450 K psi). The combined visccus and friction heat for cne bearing pair was
estimated to be 32 kW. Based on this value, the data provided in Figure 5.4.6 were
generated. The curves in Figures 5.4.5 and 5.4.6 are cut horizontally (dashed lires)
at specific values of AT available across the tester. The available aT is approx-
imately 60°R (TS - T..). Thirty degrees of this value was used as a safety factor.
At a flow rate é} 1016§/sec (total), about 12 degrees AT occurs across the bearing.
This would allow about 18° for viscous werk on the fluid excludirng that done by the
bearing. This is the minimum flow that will meet the imposed temperature restrictions.
However, since a new tester configuration is being tested for the first time, flow
rates less than those previously used, 12.6 1bs/sec, are nct recommended. Based on a
flow of 12.6 lbs/sec, an inlet temperature of 160°R, and a limiting AT of 18°R across
the tester, the cutoff outlet temperature should be 178°R or -282°F, and tne AT across
the bearing should not excced 9°R.

To gain a clearer understanding of the magnitudes of the viscous and bearing
frictional heat generation and to mi-imize the risk to the BMT, it is recommended that
a low speed (10,000 RPM) test be performed with ro applied load prior to runs at
design spead. Data from this test could be used to verify heat generation estimates
for updating temperature cutoff values. In view of the uncertainties in the anaiysis,
the cutoff values provided should be considered preliminary for design speed and load
tects. These analyses should be verified and/or updated based on additional data from
the recommended low speed test. These cutoff values should be adequate for the low
speed tests. In additicn, it is recommended that the outer race temperatures be
limited to 200°R. This is about 20°R below the saturation temperature at 400 psia.
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5.4.3 BEARING THERMAL MODEL DEVELOPMENT

The thermal model “or the LOX BMT bearing set has been successfully executed using
SINDA. This preliminary model has been exercised using rcpresentative numbers for the
imposed l1oad, heat generation rate, etc.

Figure 5.4.7 illustrates the overall schematic € the bearing set with pertinent
temperatures as obtained from SINDA. The representative thermal model was developed
and executed for a 57 mm back-to-back mounted duplex bearing set with an imposed axial
load of 6500 pounds and an unmounted contact angle of 20.5 degrees. This information
was input into a SHABERTH run which produced heat generation data for the bearing set
due to the turbulent mixing of the coolant and friction generated between the rolling
elements and races. This input data was selected solely to check out the bearing
thermal model, and does not represent conditions present during the LOX test incident.

The heat generatior data thus obtained was then input in the SINDA model and
steady-state temperature values for all nodes were calculated by the program as illus-
trated ir Figure 5.4.8. The temperature gradient data across the bearing may now be
input into SHABERTH in an iterative process to obtain more accurate heat generation
data which will be used in the SINDA thermal program. This iterative process will be
useful for analyzing the effects of temperature gradients across the tearings.

Figure 5.4.9 shows the outer race, rolling element, and inner race node breakdown
for bearing 1 of the set. The temperatures shown are in degrees Fahrenheit and were
obtained from the execution of SINDA utilizing the representative bearing setup de-
scribed previously. Figures 5.4.10 and 5.4.11 illustrate the detailed nodes located in
the inner and outer races, and the rolling element, respectively.

The next step in the model development will be to develop and integrate convective
film coefficient data for the coolant at temperatures above the boiling point and to
exercise the thermal model using LN2 as the coolant.

5.5 NOVEMBER, 1982

5.5.1 BEARING LIFE PREDICTION ANALYSIS

Efforts are continuing to investigate the potential for modifying current bearing
life formulas for rolling bearings operating in a cryogenic environment. Although
accepted techniques (4, 6, 12) have been developed to predict 1ife for well lubricated
bearings, these techniques lack experimental verification for high-speed roliing bear-
ings operating in cryogenics. Typical cryogenics (LH,, LN2 LOX) have good heat removal
characteristics; however, they lack the viscous prope;ties necessary to provide a fluid
£ilm of sufficient strength to prevent metal-to-metal contact between the roiling
elements and the race. The degree these films support the interface loads has not been
experimentally determined.

Another uncertainty is the role cryogen film lubrication plays when solid lubri-
cants are used to provide a lubricating surface film. The interaction between the
solid film and fluid fiim are not known. This can be further complicated when the
contact surface temperature exceeds the saturation temperature of the coolant to the
extent that the surfaces become vapor blanketed and the surface film is that of a gas.
Some experiments (15) indicate that LCX s potentially a better Tlubricant than
non-reactive cryogens such as LH, and LN,. This results from the formation of surface
films (oxides) that provide a measure ofzprotection for the metal surfaces in contact.
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FIGURE 5.4.9 \
BEARINT 1; OUTER RACE, RGLLING ELEMENT, AND INNER RACE TEMPERATURE

FOR 6500% AXiAL LOAD
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FIGURE 5.4.10
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Here again, the rate of oxide formation can be a function of surface temperature and
the degree of protection can be a function of the sliding velocity or rate of film
removal. Considerably more work is needed to establish the film lubrication properties
of various bearing materials and solid lubricants operating in cryogenics.

The classical failure mode of a rolling contact between hard steel surfaces is
contact fatigue. The life fcrmula as developed by Lundberg (4) is based on the assump-
tion that the failure is initiated by a decisive stress amplitude located at some
distance below the surface. The relationship between loads, stresses, and stress
location is developed from the bearing dynamics and Hertz theory of contact stresses.
Bearing life dispersion has been obtained by applying the Weibull distribution function
to bearing life data. Experience has cshown that this technique adequately predicts
bearing life for well lubricated bearings. Since better lubricants and materials have
become avaiiable, the original life formula has been modified by factors to account for
the improved life derived from these improvements (6,12). These factors, however, do
not account for the ccnditions encountered in cryogenic operation. As an example, the
development of stresses from the Hertz thecry does not account for tangential forces.
Since the contact friction forces with cryogenic fluids is expected to be significantly
larger than the forces encountered in oil lubricated bearings, the maximum shear force
will probably be at, or near, the surface rather than below the surface. Furthermore,
the solid film lubricant will enhance the asperity friction. Consequently the apparent
contact friction force should fall somewhere between dry asperity friction and
hydrodynamic film friction. This presents a problem in determining the life adjustment
factor for lubrication that will accourt for the degradation of lubrication capability
of the cryogenic.

Current plans are to use the SHABERTH I bearing analysis computer program as an
aid in predicting bearing life. This program uses the life formula developed in
reference 4 with life adjustment factors to account for improved materials and lubrica-
tion film thickness. The life adjustment factors will be adjusted to represent
cryogenic operations as data becomes available from the bearing tester program.

SHABERTH 1 uses the following technique for estimating bearing life:

Eq 1 le =(3c_m)3
Q

L is the raceway fatigue life in millions of revolutions, as determined by
Lundbe}amand Palmgren (4), and Q__ is the dynamic capacity which is the load for which
the bearing raceway will have 90" assurance of surviving one million revolutions. Q
js the raceway equivalent load. Q__ and Qem are calculated by the SHABERTH computsw

program.

cm

Since experience has shown, for ball bearings, that the races usually fail before
the balls due to the changing axis of rotation as the balls orbit the shaft, the
bearing fatigue life is based on the life of the races. The L10 life for a raceway is
given by:

LlOn =2, a4 a3* LlOm where

a, is a 1ife improvement factor to account for improved materials,
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2, is a life improvement factor to account for full film lubrication, and
a3* is a factor less than one when full film lubrication is not obtained.

a;* is a reduction factor accounting for the effect of surface asperity inter-
action”and was deduced from a best fit to a large body of rolling contact life test
data (12). This function was extracted from the SHABERTH I program and is shown in
Figure 5.5.1. Also snown is the lubricant life factor used by SHABERTH II, which will
be discussed later. As shown, the SHABERTH I lubrication factor is always <1 and is
therefore never a life improvement factor. If the film thickness to surface roughness
ration (h/c) is greater than about 3.5, a life improvement factor >1 can be input (az).

A limiting value of about 0.52 is shown for h/c approaching zero, or zero film
thickness. Since this condition is believed to be approached in LN,, LOX, and LH,,
this is the value that would be applied with these fluids. The detefmination of th?s
life factor did not, however, consider the benefits of the solid lubricant film trans-
fer system used to lubricate the tester bearings. The effectiveness of this lubrica-
tion on bearing life can be evaluated from the bearing and materials tester data.
SHABERTH 1I has, in effect, combined the life reduction and improvement due to lubrica-
tion into one function. This function is developed in reference 6. The important
point is that for h/c approaching zero, the life reduction factor is 0.21, which is
less than 1/2 the factor used in SHABERTH I. This, again, illustrates the need for
experimental data for cryogenic operation in these low film regions.

As stated earlier, the L is the raceway fatigue life for 90% survivability.
Since the bearing has two race&ofhe L10 life for the bearing is

-1/a
Lyam = [ e
Eq 2 10b [LIOI + L102
where 1, 2 denote inner and outer races.

Since one bearing set consists of two bearings, the L10 life of the bearing set
is:

e e -1/e
£q 3 L10bs =} Li0b1 * L10b2

And the 1ife of the total bearing system is

~1/e
-e -e
Eq 4 “10bst [LIObsl * Liobs2 ]

Equation 4 is the 90% survivability life for all the bearings on the tester shaft.
Since a 10% failure rate is not acceptable for Shuttle components, Equation 4 must be
modified to predict probabilities of success greater than 99%. Techniques to correlate
failure rates in these low regimes are addressed in references 5 and 1. These tech-
niques suffer from the same deficiencies as discussed eariier when applied to bearings
operating in low viscosity fluids such as LN,, LOX and LH.. However, they do provide a
technique for evaluating the data derived fram the Bearina and Materials Tester.
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The previous discussion has addressed fatigue type failures which is the dominant
failure mode for well designed and lubricated bearings. Obviously, there are other
type failures such as excessive wear, overheat cracking, overload cracking, destruction
by material softening due to unstable overheating, etc. These type failures must be
overcome before life data relating to bearing fatigue can be obtained.

The effort to date has provided a bibliography of reference material pertaining to
bearing fatigue life (Reference 3 through 15). Life data relating to bearings operat-
ing in cryogenics is scarce and relating existing semi-empirical 1ife formulas to these
conditions require additional test data. The Weibull distribution does not represent
the data in the region of 90% reliabilities. Techniques have been found that represent
current data in these regimes and should, with mcdification, represent the data ob-
tained from the cryogenic tests. Tne methods fcr adjusting the bearing life for
lubrication film thickness and surface roughness used in both SHABERTH I and SHABERTH
I1 have been extracted from the programs and explained.

5.5.2 STIFFNESS CHARACTERISTICS OF THE TURBINE END OX PUMP BEARING

As requested, analyses were conducted to estimate the radial stiffness of the LOX
pump turbine end bearing as a function of axial preload and shaft speed. The bearing
radial stiffness is defined as the ratio of radial load to radial deflection (dF/ds).

Approximately 21 computer runs were made using the SHABERTH bearing analysis
program. These runs were made to determine the relationship of load versus deflection
as affected by axial load and shaft speed. The bearing stiffness was then determined
as the slope ?hF/ds) of the force versus deflection curves. The radial load was varied
from 100 to 400 1bs. At higher loads these curves can become nonlinear, i.e., the
deflection can decrease as the radial load increases. As shown in Figure 5.5.2, the
relationship is linear for axial loads greater than 1136 1bs. For the axial load case
of 607 1bs, the curve is linear to about 200 1bs radial load. Since the computer
solution failed to converge at higher radial loads, it is not recommended to extrapo-
late the stiffness versus axial reaction curve shown in Figure 5.5.3 to axial loads
below about 600 1bs and radial loads greater than 200 1bs when the axial reaction is
less than approximately 1000 1bs. If it is of interest to further define the stiffnecs
characteristics outside these limits (lower axial reactions, higher radial reactions),
this can be done, within the convergence limits of the computer program, by additional
analysis.

As expected, the radial stiffness of the bearing increased with increasing axiai
reaction or preload as shown in Figure 5.5.3. As previously discussed, the curve shown
in Figure 5.5.3 represents the linear portion of the radial reaction versus deflection
bearing characteristics shown in Figure 5.5.2. A similar analysis was done to deter-
mine the effects of shaft speed on bearing stiffness. Figure 5.5.4 provides the
bearing radial deflection as affected by radial reaction and shaft speed. Shown in
Figure 5.5.5 is the bearing radial stiffness as a function of shaft speed. As shown,
the bearing becomes less stiff in the radial direction as the shaft speed increases.
This is primarily due to the increase in centrifugal force effects on the outer ring.

5.5.3 HEAT TRANSFER COEFFICIENTS FOR BEARING THERMAL MODEL
In any attempt to predict failure using the bearing thermal model, the effects of
surface boiling on the coolant performance must be considered. Preliminary SINDA runs

showed, as expected, several 'hot spots' near the ball-race contact areas where fric-
tional heat generation is high. Local boiling can occur here (even though the bulk of
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the fluid is sub ooled) causing an abrupt reduction in the surface heat transfer
coefficient and potential increases over the maximum heat flux temperature difference.
Therefore, a boiling curve (heat transfer coefficient versus surface temperature) needs
to be established.

So far no published correlation has been found to match the flow conditions in the
bearing tester. Excellent reviews of most correlations can be found in references 22
and 27. Other material relevant to this subject can be found in References 16, 17, 18,
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 38, 39 and 40. The method
chosen herein uses the more general relations so that it can be adjusted to fit the
test data. The forced convection boiling process has been divided irto three major
categories:

(1) Forced convection to single phase liquid,

(2) Forced nucleate boiling, until some maximum heat flux is reeched, corre-
sponding to a particular surface temperature, and

(3) Film boiling (vapor film at the wall).

The methods used to calculate the the transfer coefficient in each region is
outlined below.

(1) The Prandtl analogy (reference 17, page 260) using the Stanton number was
rejected in favor of the Dittus-Boelter equation which gives more conserva-
tive values and is in more general use. A comparison of these two equations
for the modeled flow conditions is shown in Figure 5.5.6. The form of the
Dittus-Boelter equation is

Nu = M = 0.023 ReO-Bpr0-4

k
(2) In the nucleate boiling region, the superposition method of Kutatelacze was

used
i = O(hngb )2
hconv hconv
where h convective to single phase liquid) is given by the Dittus-

(
Boelter%ﬁﬂﬁtion. The h for nucleate pool boiling (npb) is calculated using
the Rohsenow correlation;

C T

— 0.33
9 ]

pl :
”Thfq alpl-pv)

be
1.7

hfq Pry
The constant C is empirical and depends on the "heating surface-fluid"
combination. A>Value of 0.013 was used (water-stainless steel}.

(3) During film boiling at such high relative velocities, heat transfer to the
film becomes close to that of a single phase vapor. Since no correlation has
been found that does not require the fluid quality or heat flux, the Dittus-
Boelter equation, evaluated for vapor flow, was used to set the lower limit
after the peak heat flux was reached. Radiation through the film has not
been considered.
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Although a satisfactory method for determining at wvhich surface temperature
the maximum heat flux occurs has not been established, the following bench-
marks are being used (reference 21, pages 261-277).

a) For inception nucleate boiling of cryogens, T -T seldom exceeds 2°K.

b) The transition region between the peak heat quxSSﬁd film boiling covers
~ 8°K in nitrogen and 30°K in oxygen.

(c) Na11)to bulk fluid ATs to establish film boiling in cryogens are low (<

50°K).

——~——

The following values were taken from the forced convection boiliny curve developed
for liquid nitrogen using the above method.

AT (Tw -7

sat),°K h, btu/hr.ft.2
5 13,800. (nulceate boiling)
10 25,000. (nucleate boiling)
15 50,000. (q max)
-Transition Range-
24 1,500. (film boiling)

In reality. the minimum heat flux for film boiling may not be established at these
high velocities (see reference 21, pages 200-201) and brrnout (rapid and large increase
in the dry wall surface temperature) occurs after the peak heat fiux is reached. This
is highly undesirable. Burnout prediction will be made using these boiling curves in
the SINDA thermal model.

The boiling curves for liquid nitrogen are presently being integrated into the
conductor data of the SINDA thermal model and curves for liquid oxygen will also be
constructed. A computer program to adjust these curves based on different flow rates
and shaft speed is also pianned. The literature search for better correlations will
also continue.

5.5.4 STATUS AND PRELIMINARY RESULTS OF BEARING THERMAL MODEL

During this reporting period, the Bearing Thermal Model was refined, modified, and
exercised utilizing the SINDA software program. Several different subroutines were
examined to better understand the capability of the program including one which pro-
vides a detailed heat rate analysis into and from each node through a specific
conductor. An example of this type of output is illustrated in Figure 5.5.7.

A data base has been established for both LOX and LN, coolant flow through the
Bearing and Material Tester. This data base includes all noae and conductor data along
with temperature varying thermal property in‘ormation and film coefficient data. At
this time, the thermal model program is using film coefficient data jbtained from the
Dittus-Boelter equation and no film boiling conditions are being considered. ne
results from these preliminary runs will be used as a basis for comparison with the
model using the complete heat transfer boiling curve to better understand and analyze
its effect on resultant temperatures.

The LOX data base has been integrated to simulate tester conditions of a 2500

pound axial reaction with appropriate heat generation input. This iteration of the
themal model is representztive of the conditions seen by bearings 2 and 3 during the
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tester incident with LOX coolant. The steady-state temperature results of this analy-
sis are shown in Figure 5.5.8.

Comparison of the outer race temperatures of the LOX model, at nodes 300, 307,
314, and 315 (node locations and temperatures are shown in Figure 5.5.9), with exper-
imental data is illustrated in Figure 5.5.10. Note that the temperatures obtained from
the model bracket the curve obtained from the tester run. The temperature differential
across the outer r-ace shows the need for a thermocouple positioned across from the
expected contact area. If the thermocouple was located in the center of the outer race
during the test run, the hottest part of the race was not being measured. This being
the case, the experimental curve could actually be closer to the temperature of node
307. To facilitate correlation of the thermal model with actual conditions, boundary
temperatures of the carriers are needed. It is recommended that thermocouples be
placed on the outer surface of each carrier as illustrated in Figure 5.5.11.

Although the experimental data for the outer race does seem to correspond to the
LOX thermal model temperatures relatively well, further work is still being done on the
model. The next step will be to add the heat transfer coefficient boiling curve data
to the mocel and determine its effect on resulting temperatures.
5.6 DECEMBER, 1982

5.6.1 BEARING OPERATING PRELOADS

An analysis has been done to estimate the change in bearing preload, from the
assembled room temperature value, as the bearing/shaft assembly is cooled from room
temperature to LN2 temperature and rotated to a speed of 30,000 RPM. At this point in
the analysis, it“is assumed that the shaft is not axially loaded; therefore, the
bearing axial reactions are equal for all bearings and equal to the spring preload
vaiue at operating conditions.

Considering only the thermally induced axial loads and deflection, the following
expressions can be written for the axial deflection of the shafte and components.
1) deg = aszsAT - FTls

EE_

S$S

n

L. n
2) dz=F2: a_ ]
c T . a . .AT
i=1 AciEci i=1 i

a - Thermal coefficient of expansion
A - Cross sectional area under load
E - Modulus of elasticity

F;- Thermally induced load

%2 - Length

s - Shaft

¢ - Components on the shaft

Since de_ = di_ these equations can be solved for the thermally induced force and
the axial defYectiofis due to the temperature changes. The axial deflection of interest
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is the net deflection between one-half the bearing separator, one-half the bearing
race, the bearing spring, and the carrier tang. Using the data provided in Table
5.6.1, a net deflection of 0.1551 mils was estimated. This deflection is in the
direction to compress the spring. Since the spring constant is between 55 and 65
1bs/mil (depending on direction of spring travel), this movement produces an insignifi-
cant change in preload.

An axial movement of the bearing can occur as a result of radial clearance changes
caused by initial press fits, temperature changes, and shaft speeds. To assess these
effects on bearing preload, bearing deflection curves at these different conditions
were generated, as shown in Figure 5.6.1. Deflection curves are shown for three
conditions; room temperature, cryogenic temperature, and cryogenic temperature and
speed. As shown, fitting the bearing to the shaft causes an axial movement of the
races which requires about a thousand pounds to return the races to their relative
unmounted positions. Since the room temperature preload is approximately one thousand
pounds, this is the jnitial condition from which the shaft/bearing system changes as
the components are cooled down and brought up to speed. The effect of the cool down is
shown, as well as the speed effect.

As indicated in Figure 5.6.1, the effect of cool down on bearing deflection is to
release a small amount of preload, ~50 1bs. As shown in Table 5.6.1, the thermal
coefficient of expansion for the shaft is about 10% larger than the value for the inner
race; therefore, the shaft shrinks from the inner race reducing the interference fit.
This, in turn, increases the internal clearance of the bearing, allowing the outer race
to move in a direction to reduce the spring preload. As the shaft reaches operational
speed (30,000 RPM), the centrifugal force causes the inner race to grow, reducing the
bearing internal clearance, causing the outer race to move in the direction to increase
the preload. As shown in Figure 5.6.1, these are compensating effects and the operat-
ing preload is very near the room temperature value. It is important to realize that
these conditions have been estimated for uniform temperature conditions (i.e., all
bearing elements, shaft, and carrier are assumed to be at the same temperature).
Temperature gradients across the bearing and in the bearing carrier could change these
results. In addition, the spring constant is the room temperature value. Further
analyses are needed to evaluate these effects.

Another factor affecting bearing preload is the preload spring hysteresis. This
effect is shown in Figure 5.6.2. As shown, the spring has a different spring constant
depending on the direction of travel. It is estimated that the preload value will vary
about 20% depending on the direction of the spring action.

5.6.2 BEARING AXIAL REACTIONS RESULTING FROM CARRIER AXIAL LOADS

The design of the Bearing and Materials Tester requires that bearing axial loads
be applied by loading the bearing carrier rather than the shaft. The bearing carrier
can be loaded by activating the axial load cells. Another source of loads on the
carrier is the fluid pressure difference across the carrier. The fluid pressure over
the carrier faces is difficult to estimate because of the uncertainty in the fluid
rotation effects on local static pressure; therefore, the resulting pressure load is
uncertain. Figure 5.6.3 provides the relaticnship of bearing carrier loads to bearing
reactions. Since it is difficult, as explained above, to separate the load cell and
£luid aP loads, the carrier loads in Figure 5.6.3 should be considered the sum of these
loads. As shown, the preload spring constant uncertainty affects the jnitial preload
about 20% and has a smaller effect as the carrier load is increased. Also of interest
is the reduction in preload of bearings 1 and 4. Although the preload for these
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bearings is reduced to about 400 pounds, it has been shown in a previous analysis (see
Section 5.4.1) that this load is sufficient to prevent ball skid due to fluid drag.

5.6.3 INTERFERENCE FIT BETWEEN THE INNER RACE AND SHAFT

The hcaring inner race is a force or interference fit on the tester shaft. This
assembly is made at room temperature and the interference between the race and shaft
changes as the tester is cooled to LN, temperature, rotated to test speed, and loaded.
An analysis was done to estimate thesg changes at the various conditions from assembly
to test.

Assuming that the assembly temperature is 20°C and the cold operating temperature
is -180°C, t%e interference will change from 2.3 mils at room temperature to 1.2074
mils at -180"C. Rotation of the bearing shaft assembly to 30,000 per minute will
reduce the interference to 0.6178 mils. A preload of 1000 1bs. will increase the
interference to about 0.75 mils. Increased axial loading will "tighten" the interfer-
ence of bearings 2 and 3 and loosen bearinas 1 and 4. The interference for 1 and 4
will not be less than 0.6178 mils.

The above estimates are for uniform temperature of bearing race and shaft. This
is not the case when bearing friction heat warms the inner race to a higher temperature
than the shaft. The maximum temperature differeince between the inner race and the
shaft probably occurs during tester start when the heat generation, due to speed and
load, 15 suddenly imposed on the chilled shaft and bearing. This transient condition
has not been analyzed; however, a calculation was made to estimate the temperature
difference between the inner race aqg shaft that would eliminate the intsrference fit.
Assuming the shaft remained at -180"C, this anaiysis indicated about 38°C temperature
difference between bearing inner race and shaft will cause the interference fit toobe
lost (i.e., if the inner race temperature attains §n average temperature of -142°C,
while the shaft average temperature remains at -180C, the interference between inner
race and shaft will be zero at 30,000 RPM and 1000 1bs axial reaction at the bearing).

Since the thermal model predicts an average temperature of only 28°C for an axial
load of 2500 1bs and 30,000 RPM, there should be no prcblem in losing interference fit
at steady operating conditions. However, as stated previously, the start transient
could cause a temperature difference large enough to eliminate the interference fit for
short periods of time. Although an increase in axial load tends to increase the inter-
face pressure (between inner -ace and shaft), it also increases the heat generation
rate. The steady conditions analyzed were for an axial load of 2500 pounds. It is
expected, but not confirmed by analysis, that the increase in load will outweigh the
thermal effects and the interference fit will be maintained at the higher load con-
ditions. If the maintenance of an interference fit is critical to tester operation, a
transient analysis shculd be done and additional higher loads investigated to verify
that the interference is not lost for any possible operating condition.

The previous analyses show that the room temperature bearing preload is not
significantly affected by cooling to LN, temperature and rotation of the shaft to
30,000 RPM. Temperature gradients acroé% the bearing have been neglected and the
temperature effect on bearing spring constant has not been included. Aithough tne
bearing internal clearances can be signjficantly affected, it is expected that tempera-
ture differences of less than about 150 F across the bearing will have little effect on
the preload value. The temperature effect on spring constant will require further
work. It should also be observed that the effect of speed is to increase the preload;
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~herefore, &t a shaft speed of 10,000 RPM, the preload will be slightly reduced (re-
cuction will be less than 65 1bs.) compared to the value at 30,000 RPM.

The analyses relating tne carrier load to bearing reactions shows that the un-
loaded bearings (1 and 4) will retain sufficient preload to prevent excess skidding and
internal heat generation. It also shows that che uncertainty in bearing reaction due
to preload spring hysteresis is approximately 20% maximum.

The interference fit between the inner race and shaft has been evaluated to
determine the effects of temperature and speed. Although an interference is maintained
at uniform operating temperatures and speed, temperature differences obetween the
bearing inner race and shaft can be large enough tc eliminate the interference. it has
been estimated that interference fif will be lost at épeed if the iuner race tempera-
ture is greater tQ;n the shaft temperature by about 38°C. This assumes the shaft to be
operating at -180"C which is a representative temperatur2 when operating in LN,. It
presently appears that this car possibly occur only during start transients whgn the
shaft and bearing are chilled and a sudden load and speed is imposed which heats the
bearing before the shaft temperature has time to respond.

5.6.4 STATUS OF BEARING THERMAL MODEL DEVELOPMENT

During this reporting period, emphasis tas been placed on verification and valida-
tion of the bearing thermal model. This was done by comparirg the results from the
thermal model using test run conditions, to the extent that they are known, with
experimental data. The test conditions considered include the flow rate of the coolant
into the bearing set, the initial temperature of the coolant or the degree of subcool-
ing and the axial load imposed upon the bearing. The coolant being considered was LN,.
During the course of this investigation, the sensitivity of selected node temperatures
with respect to the flow rate of the coolant and inlet coolant temperatures was 11s0
examined.

To facilitate changes in operating conditions (i.e., flow rate, shaft speed, etc.)
with regards to the thermal model, a computer program was developed to calculate the
657 metal-to-fluid conductances needed in the present nodel. The program calculates,
for each surface node, a conductance-vs-temperature array and assembles the output in
the format required by the thermal model computer program. The conductance values are
calculated using a boiling curve (heat transfer coefficient-vs-surface temperature) for
temperatures above the saturation temperature of the coolant. Various operating
conditions such as flow rate, shaft speed, cage speed, and boiling temperatures can
easily be changed. This program allows rapid modification of the thermal model and
improves our capability for analysis of trends involving changes in operating con-
ditions.

The LN. data base for the thermal model represents beat generation conditions to
simulate a ESOO pound axial reaction in the tester for a 57 mm bearing se*. This data
pase was set up to consider four different mass flow rates through the bearing set;
3.2, 6.3, 9.6, and 12.8 1bs/sec per bearing sct. for each different mass flow rate,
the &herma1 gnde1 was exercised for three different values of subcooled temperature;
-285°F, -305°F, -331°F. The frictional heat generated was estimated based on a fric-
tion coefficient of 0.14 and a AT across the bearing of 200°C. Future analyses for LN2
will use a friction coefficient of 0.2, and a sT calculated from the thermal model.
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The sensitivity of several node temperatures was examined to determine the effect
of changing mass flow rate and degree of subcooling. In Figure 5.6.4, a plot of the
temperature of the ball track node on the inner race versus the mass flow rate of the
coolant is shown for different degrees of subcooling. As can be seen, the degree of
subcooling has a larger effect on the resultant node temperature than does the flow
rate of the coolant through the bearing set. Figure 5.6.5 sihows the effect of changing
mass flow rates on the outer race temperature. Similar conclusions can be drawn from
this figure. Node number 107 is located above the contact area, at the edge of the
outer race, on bearing 1. Node number 307 is in the same location on bearing 2. A
third node was examined in a similar manner, node number 403, which is a surface node
located between bearings 1 and 2 as shown in Figure 5.6.6.

A comparative anmalysis was performed between the test data for an LN, run and the
thermal model utilizing various operating conditions. The outer edge of tﬁe outer race
is divided into four nodes in the bearing thermal model. These nodes are numbered 115,
114, 107 and 100 for bearing 1 and 315, 314, 307 and 300 for bearing 2. Nodes 107 and
307 are above the contact area of the bearing and therefore run the hottest. Figures
5.6.7 through 5.6.10 show the comparison of experimental to model cuter race tempera-
ture for bearings 1 througp 4. This comparison is for a mass flow rate of 3.2 1b/sec
per bearing set and a -305°F inlet coolant temperature for the thermzl model operating
parameters. Figures 5.6.11 through 5.6.14 illustrate the same type of comparison with
a flow rate of 6.3 1b/sec per bearing set which is representative of the BMT coolant
flyout. Figures 5.6.15 through 5.6.18 compare outer race temperatures using a2 flow
rate of 9.6 1b/sec for the thermal model and Figures 5.6.19 through 5.6.22 utilize a
12.8 b/sec per bearing se. flow rate for the model. It is significant to note that
although temperatures for the model continue to become cooler with increasing mass flow
rate, the effect of flow on cooling decreases with increasing flow. The model predicts
temperatures well within the range of values for the experimental test runs as illus-
trated by Figure 5.6.7 through 5.6.18.

There appears to be little potential for using any one contrcl node to determine
acceptable operaiing conditions for the bearing tester. The next step will be to
examine the operating clearances of the bearing as a function of the temperature
difference across the bearing using average temperatures of the outer race, inner race
2nd rolling element. The analysis will be extended to other loads in an effort to
define an acceptable operating range for the tester in terms >f flow and subcooling.
The effect of changing the temperature at which film boiling begins will also be
examined.

In summary, the temperature of the bearing contact surfaces (ball and race tracks)
appear to be influenced more by reduced subcooling than by increased mass flow over the
range of variables investigated. There does, however, appear to be 2 slight deflection
in the temperature versus flow curve at about 10 1bs/sec where further reducticns in
flow allow the temperatures to begin increasing (for T,, = -305 and -3319F). Although
jt is not clear at this point how to select a temperat”*e node or series of nodes as a
limiting temperature condition, further analyses on the influence of temperature
differences across the bearing and the sensitivity of this difference to flow and
subcooling will hopefully provide a criteria for selecting a safe operating range in
terms of loads flow, and subcooling.
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5.7 JANUARY, 1983
5.7.1 POTENTIAL EFFECTS OF QUTER RACE MISALIGNMENT ON SHAFT ASSEMBLY BALANCING

An apparent shaft assembly unbalance was observed during balancing of the BMT
rotating assembly. The cause was determined to be bearing carrier face run out. The
carrier run out can in effect produce an angular misalignment in the bearing outer
race. The purpose of this investigation is to develop an explanation as to how the
outer race tilt could produce a synchronous load effect, which would appear to be a
grossly out of balance shaft assembly.

As a start, the geometry change in the bearing was evaluated as the outer race was
displaced. Figure 5.7.1 illustrates the geometric representation. As the outer race
is rotated counter clockwise, the right ball moves upward and to the right and the left
ball moves down and to the right. The center of the pitch circle is displaced in the
positive y direction. The center of the circle formed by the outer race curvative
center is displaced in the y direction (k) and in the x direction (h). Normally this
is a static condition and the ball pitch circle would be displaced from the shaft
center line by a constart value and there should be no shaft dynamic effects. However,
the contact angle chaqges as a function of the azimuth angle. The coq}act angle is
increased in the ¥ = 0 position and decreases when ¥ = 180°. At ¥ = 90, the contact
angle is not changed. Assume an out of balance shaft assembly producing a synchronous
load in the radial direction. Since the contact angle changes with azimuth location,
the bearing radial stiffness also changes in the azimuth direction. Therefore, with a
variable stiffness, the shaft can move radially in a dynamic manner synchronous with
shaft speed. Consequently, a small unbalance can be magnified into an apparent large
unbalance by outer race misalignment. The geometry shown in Figure 5.7.1 is obviously
for an unloaded, static bearing. Loads and speed will change the configuration.
However by superimposing the outer race misalignment effects on the configuration
assumed by the bearing at speed and under load, the above explanation should still be
valid.

To investigate the sensitivity of the contact angle to outer race misalignment the
following analysis was made. Assuming no deformation in the contact areas and very
small axial displacement, h~o, the contact angle can be related to the misalignment
angle as follows:

SINB' = Ro® COSy + SINB
-1 o

A is the distance between curvature centers.

The above equation is presented graphically in figure 5.7.2. A one minute angle
of misalignment introduces about 4.5% peak to peak variation in contact angle. The
degree this affects radial stiffness and shaft assembly dynamics is yet to be de-
termined.

An analysis to determine the stiffness variation is in work. "SHABERTH I" was
coded to evaluate the stiffness variation with misalignment, but failed to run.
“SHABERTH II" was subsequently coded to include outer race misalignment and it ran.
Additional runs for "SHABERTH 1I" are being submitted and the results will be provided
in the next progress report. These results will be bearing radial stiffness values
that can be input to a bearing dynamic model for evaluating rotor/shaft dynamics.

5-108



\l»&gm

G3XId 3OVY YIANNI HLIM
30VYH 331N0 40 LNIWIDJVIHSIQ 17475 3WNdLa

3TONY LN3INNOITVSIN © -

SIXV-A 9NOTV SNIAVY 30VH ¥3ILNO 40 LNIWAIVIHSIO= N 3TONV HLNWIZY = h
SIXV-X ONOTV SNIQVY OV ¥31N0 40 LN3W3OVIdSIOs U 379NV LOVAINOD IVILINI =98
LNIANSITVYSIN 8314V 3TONY LOVINOD s 8 SNIQVY 39VY ¥31N0a 9y
30VY H3LN0 ONINDITVSIN ¥3LdV SNIQVY HOLId = n._c SNIQVY 30VH ¥3NNI = 'y
o
]
[
— Y
T I_
D
[ |
5
[
cé

e o an om o - P

5-109



\l@:@

(S33¥930) 3NV HINKIZY

09¢ 042 oet 06 ]
 — + - + + y'02
2E
“Uu IA-— +9°02
g D
oo
L w
38 =
o —
a P vQ.ON ”
[~ y™ s
00 m
Lorz B
m™m
S0 —_
1'0 -4
20 m
a
r2'12 ~
y12
0'1
(S3tnntu)
JUNY LNJIITVSTI ] 912

NUILYD0T HINWIZY @GNV LNIUNYIWVSTI 3V
Y31N0 40 NOILINNA SY ITONYV LIOVINOD NI 3IONVHD 2°L°G 3un9ld

5-110




) Gy G N

L 2

wd

sl

il sty

Lt ]

spa2ctra research svsiems ORIGINAL PACE I
OF POOR QUALITY
5.7.2 STATUS OF BEARING RADIAL STIFFNESS ANALYSIS

The analysis to evaluate bearing radial stiffness as function of ball wear has
encountered a problem due to the Shaberth I computer program failing io converge for
the cases of higher contact angles. The assumed ball wear increases the contact angle,
reducing the radial stiffness, and causes larger deflections which in turn causes a
convergence problem. Since Shaberth II has become operational, an attempt will be made
to evaluate the problem with this computer code. Another option is to relax the
convergence criteria, and see if the programs will run to completion.

5.7.3 ESTIMATION OF HEAT LOADS FOR THE BMT THERMAL MODEL

Heat is generated in the BMT from mechanical friction and viscous work done on the
coolant. To realistically estimate bearing component temperature, this energy must be
evaluated and applied correctly in the BMT thermal model. An estimate of the total
energy generated can be obtained from an overall energy balance on previous test data.
This was done in Section 5.3 and is shown in Figure 5.3.12. Once the total energy is
determined, the problem remaining is to correctly evaluate the distribution of viscous
and frictional energy. The bearing contact surface temperatures are obviously much
more sensitive to frictional enerqgy changes than changes in viscous energy.

The distribution of energy for the BMT thermal model, with LN2 coolant, was
evaluated as follows:

1) Estimate total energy generated from a heat balance on the coolant (see
Figure 5.3.12 of Section 5.3.3).

2) Calculate the viscous energy generated by each component in the tester (see
Figure 5.3.11 of Section 5.3.;%

3) Using measured torque values, estimate appropriate friction coefficients, and
calculate friction energy distribution (i.e. inner race, outer race).

4) Adjust viscous energy distribution such that the total input matches the
overall heat balance determined from test data.

Steps i and 2z had already been done and the results provided in Section 5.3.

Battelle (Reference 35) measured the bearing torque as a function of axial load
and surface conditions. Figure 5.7.3 is a reproduction of their data. Also shown, for
comparison, is the bearing torque predicted by Shaberth I. The predicted torque curve
was geverated using a friction coefficient of 0.2. The predicted curve is reasonably
close to the PTFE burnished condition. The referenced value of frictior coefficient
for this surface condition is .08. The reason for this difference is not evident,
however, since torque and heat are equivalent, a coefficient of friction of 0.2 in the
Shaberth program provides a value reasonably close to the measurement. A further
verification of the analysis is shown in Figure 5.7.4. This is data taken from the
same reference, compared with results from the Shaberth I bearing analysis computer
code. Although the calculated and measured axial deflections diverge with increased
load, the contact angles agree fairly well. Consequently a friction coefficient of 0.2
was used in Shaberth to obtain frictional heat generation values required for the
thermal model.

To complete the frictional heat evaluation the bearing load as well as the fric-

tion coefficient must be known. There is uncertainty in the axial load seen by the
bearings due to the unknown pressure loss across the carriers. According to the
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measured AP the axial load cn the bearing should be about 2500 pounds. Although this
value is suspect because of fluid vortices, it is probably the most representative at

this time.

Therefore this axial load in combination with a friction value of 0.2 was used to
estimate the frictional heat generated. The amount of friction energy was subtracted
from the total measured energy, and the remainder was assumed to be viscous. The
viscous energy was distributed in the proper proportions as indicated by the viscous
work analysis done in Section 5.3. It was assumed that no lubrication was provided by
the]u‘:-2 coolant. This assumption will be reevaluated for the analyses of the LOX
coolant,

Another important parameter, with a high degree of uncertainty, is the two phase
heat transfer coefficient. There is no experimental data on this parameter that corre-
sponds to the operating conditions of the bearing. Therefore, extrapolaiions have been
made to estimate these parameters for the thermal model. The uncertainty in these
extrapolations are unknown.

The above points out two critical areas of cryogenic bearing analysis requiring
experimental work: 1) Evaluation of the friction coefficient for high speed bearings
using film transfer lubrication in cryogenics, and 2) Evaluation of two phase heat
transfer coefficients for high speed bearings in cryngenics.

5.7.4 STATUS AND RESULTS OF BEARING THERMAL MODEL

The Bearing Thermal Model has been refined to better represent actual thermal
conditions in the tester. The modification consisted of changing several boundary
nodes along the outer edge of the modeled portion of the bearing set. This change
allows the Bearing Thermal model program to iteratively calculate a temperature for
this boundary area rather than inputting a boundary temperature whi<h would affect the
steady state temperatures of surrcunding nodes.

An iteration procedure has been developed to determine the temperature gradient
across the BMT bearing utilizing the "SHABERTH" bearing program and the Bearing Thermal
Model. A specific axial reaction is selected for analysis and put into *he "SHABERTH"
data base which is set up with configuration data for a 57 mm bearing. A first esti-
mate temperature gradiemt across the bearing is assumed and added to the data base
along with appropriate temperature varying thermal property data for the shaft, inner
race, rolling elemerit, outer race and housing. A friction coefficient of 0.2 was used
for reasons outlined in Section 5.7.3. The "Shaberth" model is then exercised with
this data base and the resultant information contains the frictional heat generated at
the track areas of the races and rolling element for a spe:ific axial reaction. This
heat, generated from mechanical friction, is input into the Bearing Thermal Model data
base along with heat generated from viscous work dore on the coolant. At this time,
there are twelve data bases for the Bearing Thermal Model, each reflecting a different
mass flow rate through the bearing set and a different degree of subconling or inlet
coolant temperature as shown in Table 5.7.1.
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Bearing Thermal 1 2 3 4 5 6 7 8 5 10 11 12
Model Data Base :
Number

Inlet Coolant -176 -187 -202 -176 -187 -202 -176 -187 -202 -176 -187 -202
Temperature ( C)

Mass Flow Rate 3.2 3.2 3.2 6.3 6.3 6.3 9.6 9.6 9.6 12.8 12.8 12.8
(LB/SEC) Per
Bearing Set

TABLE 5.7.1 SUMMARY OF BEARING THERMAL MODEL DATA BASE

The Thermal Model is then exercised for a specific data base with the resulting output
being steady state temperatures for each node. The average temperature for eacn
bearing component (i.e., shaft, inner race, rolling element, outer race, and housing)
is then calculated as shown.

i=N
=1 Tivi
Ta VZ
Temperature of Nod: i=1

T.
V) Volume of Node
N

1 Total Number of Nodes

Presently, the steady state node temperatures are being manually input into a computer
program which calculates the average temperature of each of the bearing components.
The thermal property data is then manually computed from derived curve fit equations
for each average temperature. Future plans include the implementation of coding into
the Bearing Thermal Model to handle all of these calculations which will facilitate
faster turnaround on each run.

The average temperature values for the bearing components are then placed back
into the “SHABERTH" data base and replace the original assumed values. Appropriate
temperature varying thermal property data is also rerlaced in the data base. The
“SHABERTH* program is then executed again to determine new frictional heat generation
data. This data is compared with the previously obtained values to determine whether
another iteration is required. It is dimportant to obtain noi only the correct aT
across the bearing, but aisu the correct bearing component temperatures. The AT across
the bearing changes the bearing internal clearance. Rreduced clearance results in a
larger load on the bearing which in turn increases the frictional heat generated. The
individual component temperatures are used to determine such thermal property data as
the coefficient of thermal expansion and the modulus of elasticity, the values cf
which, also affect the bearing internal clearances.

The iteration procedure outlined above was performed for an axial_reaction of 2500
pounds. The operating parameters; iniet coolant temperature of -176°C and masc flow
rate of 3.2 LB/SEC per bearing set, were selected for a "worst case" situation. The
results of this ite-ation a:: shown in Table 5.7.2. The preliminary frictional heat
generation data was gbtained from a "SHABERTH" rur. with an initial assumed AT across
the bearing of 200°C. This temperature gradient was then resubmitted into the
"SHABERTH" bearing data base along with a friction coefficient of 0.2 The first
iteration frictional heat generation data is significantly smailer than the preliminary
data. o'Therefore. the Bearing Thermal Model does not support the original assumption of
a 200°C AT acro.s the bearing. A second iteration shows the heat generation daga
hoiding relatively constant which supports a preliminary aT across the bearing of 25°C
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and average temperatures of -137°C, -122°C and -162°C for the inner race, rolling
element, and outer race respectively. This indicates a stable set of thermal con-
ditions, i.e., the heat generated and bearing temperatures do not increase without
limit, as will be shown later, they do with these conditions at higher axial loads.

Figure 5.7.5 illustrates the temperature gradient of the inner race ball track
area for an axial reaction of 2500 poqus. a mass flow rate of 6.3 LB/SEC per bearing
set and a coolant temperature of -187.2°C 8-305 F). This datu indicates a rather large
temperature gradient of approximately 1800°C/inch in the inner race.

An iterative temperature analysis was also performed for a 6000 pound axial
reaction using "worst case" operating conditioq& (mass flow rate of 3.2 LB/SEC per
bearing set and inlet coolant temperature of -176°C). These results are shown in Table
5.7.3 and after five iterations, failed to converge. This diverging situation indi-
cates incipient bearing failure due to a runaway thermal condition. Figure 5.7.6 shows
the relationship between the AT across the bearing as a function of the total friction-
al heat generation rate for one rolling element (1/13 of a bearing). _ This graph
indicates that Q could go catastrophically high for a aT as small as 100°C. for this
loading condition. Therefore, a failure is predicted for these specific test con-
ditions.

Further iterative analyses and temperature evaluations will be performed for the
6000 pound axial reaction situation utilizing higher flow rates and colder inlet
coolant temperatures in an attempt to converge on an acceptable set of heat generation
data and temperaturas. Other axial reactions will also be evaluated over a range of
operating conditions to assimilate the data necessary to construct a safe operating
range envelope for the bearing tester.

In summary, the dynamic and thermal analyses of the BMT 57 mm bearing has simulat-
ed an unstable operating condition leading to thermal! failure of the bearing.
Obviously, as contact surfaces (raceways) become extremely hot, the question of temper-
ature effects on lubrication and friction become extremely important, i.e., at what
temperature does the dry film lubricant breakdown. This temperature may be the limit-
ing temperature for acceptable bearing operation.

5.8 FEBRUARY, 1983
5.8.1 ESTIMATION OF FILM THICKNESS FOR 57 mm BEARING OPERATING IN Ld,

A corsory analysis was done to provide an "order of magnitude" estimate of the
fluid film thickness for the S7mm bearing operating in LN,. Although the viscosity of
N, is over two orders of magnitude less than typical lubri%ating 0oil, the high speed of
tﬁe bearing could partially compensate and provide some measure of separation of the
contact surfaces. This could be »n aid to the solid film lubricant in providing
rontact lubrication.

There are several major . sacks in using current techniques to estimate fluid
film thickness in N,. These wchniques have been developed for lubricating oils and
such characteristics®as compr ssibility, phase type, and extreme variations in tempera-
ture have not been considered. Furthermore, there is a lack of viscosity data for N
at the high pressures encountered in the contacts. Therefore, the error due to extrap-
¢ ation to these pressures is not known. The assumption of incompressibility should
provide optimistic values of film thickness. The assumed variation of viscosity with
pressure {exponential law) could also be optimistic.
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FIGURE 5.7.5
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INNER ROLLING OUTER
BEARING COMPONENT RACE ELEMENT RACE
*PRELIMINARY FRICTIONAL 1448 2598 1151
HEAT GENERATION DATA (Btu/hr)

AVERAGE TEMPERATURES FROM -128 -44 -137
BRG. THERMAL MODEL (°C)

FIRST ITERATION FRICTIONAL 1726 3089 1363
HEAT GENERATION DATA (Btu ir)

AVERAGE TEMPERATURES FROM -55 120 -104
BRG. THERMAL MODEL (°C)

SECOND ITERATION FRICTIONAL 1858 3321 1463
HEAT GENERATION DATA (Btu/hr)

AVERAGE TEMPERATURES FROM -37 171 -92
BRG. THERMAL MODEL ( C)

THIRD ITERATION FRICTIONAL 1945 3472 1527
HEAT GENERATION DATA (B<u/hr)

AVERAGE TEMPERATURES FROM =27 195 -84
BRG. THERMAL MODEL (°C)

FOURTH ITERATION FRICTIONAL 2008 3584 1575
HEAT GENERATION DATA (Btu/hr)

AVERAGE TEMPERATURES FROM =22 212 -80
BRG. THERMAL MODEL (°C)

FIFTH ITERATION FRICTIONAL 3813 6129 2316
HEAT GENERATION DATA (Btu/hr)

AVERAGE TEMPERATURES FROM 110 224 31
BRG. THERMAL MODEL (°C)

TABLE 5.7.3
PRELIMINARY TEMPERATURE ITERATION RESULTS FOR 6000

POUND AXIAL REACTION

MASS FLOW RATE = 3.2 LB/SEC PER

INLET COOLANT TEMPERATURE = -176

EARING RET
8C (-2858F)

*DATA OBTAINED FROM SHABERTH RUN USING FINAL ITERATION aT ACROSS
THE BEARING AND A FRICTION COEFFICIENT OF 0.2

SRSJ
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INNER ROLLING OUTER
BEARING COMPONENT RACE ELEMENT RACE
*PRELIMINARY FRICTIONAL 1448 2598 1151
HEAT GENERATION DATA (Btu/hr)
AVERAGE TEMPERATURES FROM -128 -44 -137
BRG. THERMAL MODEL (°C)
FIRST ITERATION FRICTIONAL 1726 3089 1363
HEAT GENERATION DATA (Btu ir)
AVERAGE TEMPERATURES FROM -55 120 -104
BRG. THERMAL MODEL (°C)
SECOND ITERATION FRICTIONAL 1858 3321 1463
HEAT GENERATION DATA (Btu/hr)
AVERAGE TEMPERATURES FROM -37 171 -92
BRG. THERMAL MODEL (°C)
THIRD ITERATION FRICTIONAL 1945 3472 1527
HEAT GENERATION DATA (Btu/hr)
AVERAGE TEMPERATURES FROM =27 195 -84
BRG. THERMAL MODEL (°C)
FOURTH ITERATION FRICTIONAL 2008 3584 1575
HEAT GENERATION DATA (Btu/hr)
AVERAGE TEMPERATURES FROM =22 212 -80
BRG. THERMAL MODEL (°C)
FIFTH ITERATION FRICTIONAL 3813 6129 2316
HEAT GENERATION DATA (Btu/hr)
AVERAGE TEMPERATURES FROM 110 224 31
BRG. THERMAL MODEL (°C)

TABLE 5.7.3

PRELIMINARY TEMPERATURE ITERATION RESULTS FOR 6000

POUND AXIAL REACTION

MASS FLOW RATE = 3.2 LB/SEC PER

INLET COOLANT TEMPERATURE = -176

EARING SET
8C ( 3F)

-285

*DATA OBTAINED FROM SHABERTH RUN USING FINAL ITERATION AT ACROSS
THE BEARING AND A FRICTION COEFFICIENT OF 0.2

5-119

SBS—)




ORIGIRAL PAGE 1§
OF POOR QUALITY

QrotaL (Btu/hr)

FIGURE 5.7.6 TOTAL FRICTIONAL HEAT RATE -VS- 1T ACROSS THE

~N

BEARING
12,000 $
10,000 4
8,000 +
6,000 4
4,000+
REACTION OF 60004, MASS FLOW RATE
2,000 OF 3.2 LB/SEC PER BEARING SET AND_
INLET_COOLANT TEMPERATURE OF -176°C
(-285°F)
0 ¢ + t t
0 20 40 60 80

=T ACROSS THE BEARING (°C)

SRS—J
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The results of the film thickness estimates are shown in Figure 5.8.1. As the
temperature increases, the film thickness decreases rather suddenly and then levels
off. The sudden decrease is characteristic of a liquid, and the leveling off is
similar to the behavior of a gas whose viscosity increases with temperature. The
estimate was not carried past 1000°R since viscosity for higher temperatures was not
available. Table 5.8.1 provides viscosity data at specified temperatures and pres-
sures. Also shown are values for the pressure coefficient (i) and u'. The signifi-
cance of these parameters will be discussed later. Comparing u' with the viscosity
values at 400 psia shows fairly good agreement at the lower and‘%igher temperatures.
Since the critical temperature of N, is 227°R, it is expected that the larger discrep-
ancy at 300°R is due to rapidly %hanging properties near the critical point. N2
properties were taken from Reference 35.

As shown, the film thickness varies from about 1.8y to .033u inches. Since the
surface finish of the balls and races are 0.5y and 6u inches respectively, the ratio of
film thickness to aspherity height varies from 0.3 to 0.05. Furthermore, thermal
analyses of the bearings indicate that the race way temperatures are considerably
greater than 170°R. Consequently, the fiim thickness to roughness ratio would be
considerably less than 0.3. Bearing life adjustment factors, due to lubrication, does
not affect life predications for film thickness to roughness ratios less than about
0.08S In fact, SHABERTH I assumes dry friction for ratios less than 0.4. (See Section
5.5.

Following is an outline of the method used to provide the estimated film thickness
data shown in Figure 5.8.1.

Gurbin's formula for fluid film thickness is (see Reference 1):

s —0.727
h” = 1.95 R (GU
g}fl0.0QI

b4

(2]
"
>
m

A= Pressure Coefficient of Viscosity

7 =8l Ho

Fluid Viscosity as Reference Pressure
Equivalent Radius
Entrainment Velocity

o
N
"
m 3?
"wou

E' =1 (up + uy)/2
E = Modulus of Elasticity
(For Rolling Elements v = Poisson's Ratio

of Same M.terial)

This expression was developed from the incompressible Reynolds equation ana
elastohydrodynamic considerations including effects of contact surface deformation.
The fluid viscosity is assumed to vary exponentially with pressure, and temperature is
assumed to be constant. As given above, the expression is for line contact and must be
slightly modified to represent ball bearings (point contact).

The terms in the above expressions are developed and grouped as follows:
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HS = Shaft Speed

We

Cage Speed

a

Contact Anqgle

70 determine the fluid entrainment velocity U refer to the above figure.

u

1 1/2 (dm - DCosa) (NS-HC)

_D
Uz = 2 NRCOSG
For pure roliling, U1 = UZ’ and

_ M-y . ~_ D
Us=12 (HS - Nc) t—;—] DCosa ; 7= n Cosa

to express W_ in terms of Ns note that the cage velocity Vc is 1/2 the absolute shaft
velocity Vi, i.e.

Vo= /2 dmi_ = 12 V,
Vi = W, (dn/2 - D/é Cosa) = 1/2 Wdm (1-y)
1/2 duW_ = 1/2 [1/2 Hdm (1-7)]

NC = 1/2 HS (I-Y)

Substitution of Hc in the expression for U gives:
u=0y |12 D -7] Cosa
4 s ¥
Therefore, the entrainment fluid velocity can be expressed in terms of bearing geome-
try, contact angle, and shaft speed.

EGUIVALENT RADIUS (R):

R = 2 _1/2D (1 -7) Cosa_
ST T 1 2Ry " TI-7] Cosa+y

1

1 1

For small values of a, Cos a ~1, and

R=1/2D (1 - vy)
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LOAD PER UNIT LENGTH:

As stated earlier, the expression for Q, is for line contact and, for use with
ball bearings, should be modifie, to represent point contact. The following represents
the two contact configurations.

Point Contact

Line Contact
The maximum Hertz Pressure for point contact and line contact are as follows:
3 Qz .
%m0 = wab (Point Contact)

mp
2Q

Ome = Wg‘ (Line Contact)

Assuming equal Hertz pressures and loads for poth contacts gives an equivalent length

S for the point contact.
e =2
E 3

The dimensionless terms in Gurbin's equation can now be written as:

G =7E'
* N
d- ?[—75-] [I'T"]Cosa
.3 Q
0, =3 b o)

E' = 1

y
£

and Gurbin's equation can be expressed as:

1.091
h> = 0.228 [1/2 D (1 -v] [ws 1;”
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where W_ = shaft speed in RPM
A = pressure coefficient {in2/1b)
uo' = viscosity (Ibs-sec/in2)
E' = 33 x 10°° psi for steel bodies

This arrangement of variables illustrates the effects of speed, viscosity, and
load on film thickness. The speed and viscosity parameters are raised to the same
power and, therefore, are equally influential. The lower power value for the term
containing the load renders the film thickness rather insensitive to load changes.
Although high shaft speed can offset low fluid viscosity, the viscosity for N, is so
low that the high speed of the tester is still insufficient to provide an adequate film
thickness.

ESTIMATION OF INITIAL VISCOSITY AND PRESSURE COEFFICIENT {(A):

The exponential law relating viscosity to pressure used in Gurbin's equation is as
follows:

AP
M= “0 e

This implies that at P=0, y = u_ . Since the internal pressure of the bearing
tester is approximately 400 psia, a %orrection was made to Mo to account for this
pressure level.

ex(P-Po)

s ug = (Mo e -APo) e)\P

The parameter yu' = (u e°AP°) is used as the ambient viscosity in the film thick-
ness expression. Thé pressure coefficient for each temperature level was determined as
follows:

1 "
A= —— ]n._
(P1 - Pz) H,

The values of u,, u,, P, and P, are shown in Table 5.8.1. The estimated values of

A and u, are also given ?n tﬂis tabte.

5.8.2 BEARING RADIAL STIFFNESS AS A FUNCTION OF BALL WEAR

The SHABERTH I computer code was used to evaluate bearing radial stiffness as a
function of ball wear. Although the highest level solution would not converge, a lower
level solution that still considered friction was obtained. Judging by the few third
level computer runs that did converge, the calculated radial stiffness of the bearing
did not differ significantly between solution levels.

Four radial loads (100, 200, 300, and 500 1bs) were applied to bearings at five
different stages of ball wear. The results of these runs are shown ir Figure 5.8.2.
This analysis suggests that even a decrease in ball diameter of 0.0008 inches is enough
to reduce the radial stiffness by half.
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5.8.3 STATUS AND RESULTS OF BEARING THERMAL MODEL

Du~ing this reporting period, the assimilation of data necessary to construct a
safe operating range envelope for the bearing tester has continued. The criteria for
establishing the "safe" operating region is stable thermal operating conditions for the
bearing. As the bearing temperature increaces, internal clearances are reduced, thus
increasing loads and generating additionai heat and further increasing temperatures.
If bearing coolant is insufficient to check this cycle, bearing temperatures will
increase without bound and failure will occur. These analyses have assumed the fric-
tion coefficient to be invarient with temperature because data on temperature effects
are not available. in some cases, the high race and ball track temperatures may
jnvalidate this assumption due to breakdown of the dry film lubricant. Therefore,
caution should be exercised in operating at the lower left hand corners of the regions
shown in Figure 5.8.3 and at the higher loads.

The iterative procedure outlined in Section 5.7.4 was performed for an axial
reaction of 600C pounds. Fcur of the twelve cases examined resulted in an acceptable
convergence upon heat generation data and bearing component temperatures. Each case
consisted of a different combination of inlet coolant temperature and mass flow rate.
This data is presented in Figure 5.8.3. The larger rectangle represents the 2500 pound
axial reaction investigation in which all combinations of flow rates and inlet tempera-
tures examined converged on an acceptable set of heat generation data and temperatures.
Areas to the ieft and below the cross hatched lines in the large rectargle are areas of
decreased flow rate and increased inlet coolant temperature and could be potentially
hazardous operating areas for the bearing tester for an axial reaction of 2500 pounds.
The dotted lines bound areas outside of which conditions become favorable to maintain
or decrease bearing component temperatures (these conditions being increased fiow rate
or decreased inlet temperatures).

The smaller rectangle in Figure 5.8.3 represents the safe operating area for an
axial reaction of 6000 pounds. In this investigation, one case examined {flow rate of
6.3 ib/sec per bearing set and inlet coolant temperature of -331°F) was not clearly
defined as a converging or diverging point in the number of iterations performed.
Thus, an area of uncertainty exists as illustrated in Figure 5.8.3 by the lined trian-
gular area attached to the smaller or 6000 pound rectangle. Further analysis will be
performed on this case to clearly determine whether this case will converge on an

acceptable set of heat generation data and bearing component temperatures.

Areas to the left and below the cross hatched lines on the smaller rectangle (6000
pound axial reaction case) could be potentially hazardous operating areas for the
bearing tester for an axial reaction of 6000 pounds due to the effect of increasing
inlet coolant temperatures and decreasing flow rate. Table 5.8.2 summarizes the total
number of computer iterations required to generate the data necessary for Figure 5.8.3.
A total of 100 different computer runs were executed for both the 2500 pound and 6000
pound axial reactions combined.

In summary, several potentially unstable operating areas have been identified for
the bearing tester. Further dynamic and thermal analysis will be performed for other
values of axial reactions to further generate data for the development of an acceptable
operating envelope for the bearing tester. It should be emphasized that the “safe"
operating regions, based on thermal runaway criteria, is for operation in LN,. This
criteria may not apply to bearings operating in LOX. The criteria for LOX ma§ be the
race and/or ball track temperatures and the temperature limits of the dry film lub-
rication. in fact, caution should be exercised in operating near the lower left cross
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hatched boundaries shown in Figure 5.8.3 as the analysis does not consider possible
increased friction due to the pctential for loss of dry film lubrication at high
contact temperatures.

5.8.4 OUTER RACE MISALIGNMENT

An attempt has been made to determine the radial stiffness variation as a function
of outer race misalignment. To date, a solution has not been obtained due to failure
of the "SHABERTH" computer program to converge to a reasonabie solution with cuter race
misalignment included. This problem was solvea and resuits are given in Secticn
5.10.1.

5.9 MARCH, 1983
5.9.1 EFFECT OF FRICTION ON ROLLING ELEMENT CONTACT AND SUBSURFACE STRESSES

The effects of friction on the magnitude and distribution of normal and shear
stresses in rolling element contacts has been investigated. Reference 37 contains
general expressions for the normal and sheer stresses for rolling elements producing
Jine contact. Line contact allows the stress problem to be solved in closed form Dy
the application of plane stress and plain strain assumptions. Although these as-
sumptions do not hold for point contact, the trends jdentified in the line contact
solutions should apply.

The effect of surface friction on the location of the maximum shear stress was
determined by solving for shear stress and setting the derivative to zero. Figure
5.9.] shows the results. As shown, the location of the maximum shear stress along the
axis in the rolling direction (x axis) is a function of the coefficient of friction.
Also shown is the expression of the maximum surface shear (T_..) as a function of
friction. The maximum shear stress for zero friction occurs at™@* subsurface depth of
(z/a = 0.7861), and the shear-to-load ratic is 0.3. This point is shown on the verti-
cal axis of Figure 5.9.1. As shown in the figure, the maximur shear stress moves to
the surface for friction factors greater than 0.19.

Shown in Figure 5.9.2 are the maximum surface principal stresses. As shown, these
are all compressive stresses and occur in the surface (x/a) as a function of the
friction factor. The maximum tensile surface stress is shown in Figure 5.9.3, and
occurs at (-x/a=1) in the contact surface.

This analysis shows that the magnitude and location of the maximum contact stress-
es can be significantly affected by the friction force in the contact surface. Since
these stresses increase with increased frictior, this effect can be especially impor-
tant for rolling elements with marginal lubrication such as high speed bearings operat-
ing in cryogenics. These trends may help explain the surface failures obsarved in
cryogenic bearing tests as opposed to the more common subsurface failures observed in
well lubricated bearings.

This analysis has been restricted to line contact, a similar analysis for point
contact requires evaluation of a three dimensional stress field and can best be handled
by finite element computer codes.
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5.6.2 BEARING THERMAL MODELING AND ANALYSIS

The iterative analysis to determine a safe operating range envelope for the bear-
ing tester, using LN2 as a coolant, has continued during this reporting period. Al
cases examined for a” 2500 pound axial reaction converged to stable bearing component
temperatures. No points of convergence were found for an axial reaction of 10,000
pounds. A transient thermal analysis is being done on the 10,000 pound case to deter-
mine bearing component temperatures as a function of time. It is of interest to
investigate the time necessary for thermal runaway to start for this high load condi-
tion. Iterations are continuing for the 6000 pound axial reaction to finalize the area
of convergence that was provided in the February report. An analysis is also being
conducted for an 8000 pound axial reaction but insufficient iterations have been
completed at this time to determine any converging points.

In summary, with tie :dentification of additional conditions for convergence the
operating range for the tester is becoming more clearly defined. In addition, the ball
track temperatures are b.ing evaluated and the BMT modified operating region may be
based on ball track temperatures rather than relying on thermal runaway criteria. All
analyses thus far have been for a 57mm bearing operating with LN2 as the coolant at 400
psia.

Future plans include performing the same analysis with varying axial reactions,
flow rates, and coolant inlet temperatures using LOX rather than LN2 as the coolant.

5.9.3 ESTIMATION OF FILM THICKNESS FOR 57mm BEARING OPERATING IN 02

An analysis similar to the one reported in the February progress report was done
to estimate the fluid film thickness for the 57mm bearing operating in oxygen. The
details of the analysis are contained in the reference and will not be repeated here.
The same assumptions and reservations discussed in the reference hold for this analy-
sis. Figure 5.9.4 shows the fluid viscosity data, derived pressure coefficient, and
estimated initial viscosity for 0,. Figure 5.9.5 shows the estimated fluid film thick-
ness as a function of contact tefperature. Lack of high temperature 0, viscosity data
limited the calculation to 600°R. As was shown with NZ’ the film thickness for 0, is
too small to provide appreciable separation of the “loaded contacts since typ4ca1
surface finishes are on the order of 6. inches.

5.10 APRIL, 1983

5.10.1 EVALUATION OF BEARING CARRIER TO HOUSING CLEARANCE AND THE EFFECT ON BEARING
OPERATING CHARACTERISTICS

Maintaining bearing carrier to housing clearances is important to assure freedom
of axial movement during axial load application to the BMT. Binding of the carrier
could distort the applied load that actually reaches the bearings, introducing unknown
errors in test results. Furthermore, a locked carrier could preclude rapid unloading
as a contingency measure.

Currently, the BMT design allows for a 1.3 mil diametrical clearance between
carrier and housing. Results from a typical bearing thermal analysis was used to
estimate the differential movement between the carrier and housing due to thermal
growth. The following conditions were assumed in the thermal analysis:
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Inlet fluid temperature -305°F

Flow 6.3 bs/sec per bearing set
Axial load 2500 1bs.

Results irndicated an average temperature difference between carrier and housing of
about 27°F with the carrier being the warmer of the two components. Based on this
temperature difference, it is estimated that there will be an interference of about 0.1
mil (diametrical) between the carrier and the housing. These are steady operating
conditions, therefore, there will be a clearance at the start and early part of the
test run. In order to verify the thermal analysis and operating clearance, the previ-
ously requested carrier temperature measurements are essential.

As clearances will exist during the early part of the test, analyses were done to
investigate the effects of misalignment on bearing operation characteristics. Angular
misalignments were determined as a function of carrier to housing clearances and the
effect of these misalignments on bearing radial stiffness, ball speeds, contact angles,
contact stress, and contact heat generation was determined. These effects were inves-
tigated for axial loads from 500 1bs/brg to 6000 1bs/brg, and radial loads of 100 to
500 1bs.

Figure 5.10.1 shows the potential for the carrier to tilt in the housing. The
tilt angle & is a function of the carrier diametrical clearance (C). From the geometry
of the figure the following relations can be written:

1} M=wcCs 2 -D053smn -
Vol + Wl - 0+ )
3) D+ C=DCos 3 +WSing¢e
Eliminating M and Cos e from_the above:

4) 2 = Sin'l[u (D + C) - D\ID2 + wz - (D« C)z]
D2 + “2

2) M

Equation 4 provides the tilt or misalignment angle as a function of carrier diametrical

clearance. Figure 5.10.2 provides misalignment angle as a function of diametrical

clearance. As indicated the maximum expected clearance is 1.3 mils (carrier and

?ousing\ at same temperature) giving a maximum misalignment angle of 2.25 minutes
.0375°),

BEARING RADIAL STIFFNESS VARIATIONS

The bearing radial stiffness as a fuaction of azimuth angle is shown in Figure
5.16.3. In this figure, the zero azimuth angle corresponds to the "pinch" point caused
by the misalignment of the outer race [the results from the "SHABERTH" bearing analysis
program, Table 5.10.1, are presented with the zero azimuth angle 180° out of phase from
the "pinch" point]. The variation in stiffness shown is conservative because the
reduction of the bearing misalignment angle as a function of axial load was not con-
sidered in the stiffness determination. These variations should not significantly
affect synchronous radial motion of the shaft due to small rotor unbalance which was
the main concern of possible large stiffness variations due to misalignment.
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BEARING OPERATION CHARACTERISTICS

The investigation of carrier misalignment on contact stresses, contact angles,
ball speeds, and heat generated at the contacts required numerous "SHABERTH" computer
runs with varying input parameters. The following conditions shown in Table 5.10.1
were investigated.

TABLE 5.10.1

Axial Load (ibs) Misalignment Angles (°)
500 .0375 .0229 .01439 .01
2500 .0375 .0229 .01439 01
6000 .G375 .0229 .01439 01
Axial Load (1bs) Radial Loads (1bs) (No Misalignment)
2500 100 300 500
6000 100 300 500
Misalignment for each axial/
Axial Load (1bs) Radial Loads (ibs) radial 1oad combination
2500 100 300 500 .0375 .01
6000 100 300 500 .0375 .01
Axial Load (1bs) {Ball to pocket clearance of 100 mils)
Misalignment angles(o)
500 .0375 .0229 .01439 .01
Axial Load (1bs) (Radial temp distribution in brg)
Misalignment Angles
2500 .0375 .0229 .01439 .01
6000 .0378 .0229 .01439 .01

In reviewing the data, the most significant variations due to outer race misalign-
ment is the ball orbital speed. This occurs for the 500 1b axial load condition. This
is representative of tester bearings 1 and 4 with the normally accepted axial PA load
of 2500 1bs. Comparisons of contact stresses, ball speed, and contact angles for the
misaligned and rormal conditions do not show significant variations in these parameters
for the higher axial load cases. There is a maximum difference in ball orbiting speed
of about 20 rad/sec for the 500 1b axial load condition. It is estimated that this
Causes + 8.5 mii movement of the ball relative to the ball pocket center. This should
not cause a problem since there is 25 mils diametrical clearance between ball and ball
pocket.

EFFECT OF AXIAL LOAD ON BEARING MISALIGNMENT

The effect of axial load on operating misalignment is shown in Figure 5.10.4.
As the axial load is increased, the inner race is forced to rotate thus decreasing the
angle between the inner and outer race. The degree of rotation is cbviously dependent
not only on bearing characteristics but also the stiffness of the shaft since the shaft
exerts a clockwise movement on the bearing inner race ac the race is forced to rotate
counter-clockwise due to the outer race misalignment. Shaft and bearing characteris-
tics were included in the bearing/shaft model.
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In summary, the analyses indicate no tester operational problems due to outer
race misalignment with a carrier to housing clearance of 1.3 mils. Although the ther-
mal analysis indicates a slight carrier to hcusing interference for steady state con-
ditions, verification of this condition is necessary during early tester operation and
should not be detrimental during the initial test phase in LN, when loads are relative-
ly Tight. For higher loads and increased heat generation, fugther analysis is reguired
to evaluate the adequacy of carrier to housing clearance. These analyses should use
the thermal model “"calibrated" by thermal data taken in the early BMT runs.

5.10.2 BEARING THERMAL ANALYSIS

Stability problems have been encountered with the bearing finite element thermal
model. This has occurred becausz of the rapid change (with temperature) in the fluid
heat transfer coefficient as the fluid changes phase. This coefficient increases to a
peak value, as the bearing surface temperature exceeds the fluid saturation tempera-
ture, and decreases to a minimum value as the surface becomes very hot and vapor
blanketed. This introduces an extremely nonlinear problem and numerical oscillations
have occurred. This problem has been minimized by the applicaticn of dampening factors
to the temperature calculated at each iteration. This condition has been most preva-
lent at the intermediate axial loads of 6000 1bs. Higher loads cause the components
to be heated such that most surface temperatures are high enough to be in the vapor
regime where the heat transfer coefficient does not change drastically with tempera-
ture. Although this has caused some delay in completing the definition of the opera-
tional envelope for the BMT, it is projected that this task can be completed (for LNZ)
by the next reperting period.

5.10.3 INVESTIGATION OF THE RADIAL STIFFNESS OF THE BMT 57mm BEARINGS

An analysis has been initiated to evaluate the effects on bearing operating char-
acterictics (stresses, radial stiffness) caused by impressed radial loads. The
purpos~ of this investigation is to identify these characteristics for input to test
planning to determine the radial dynamic response of the bearing shaft system. The
radial load range investigated was 500 to 6000 1bs. with axial loads of approximately
500 to 2800 1bs. Assuming an impressed axial load of approximately 2500 'bs due to the
pressure differential across the bearing carriers, the two inboard bearings will be
axially loaded to that value and the two outboard bearings will be unloaded. Preload is
1000 1bs to -pproximately 500 to 800 1bs. Since axial Tcads tend to stiffen an angular
contact ball bearing in the radial direction, it was expected that the unloaded bearing
would de the most distressed at high radial loads.

Shown in Figure 5.1C.5 are the bearing deflections versus radial reactions. As
expected, the bearing with the larger axial load exhibits the larger stiffness. There
s also a stiffness change as the load increases. This is due to the increased radial
deflections unloading balls, i.e., the total load is supported by fewer rolling ele-
ments. It is interesting to note that the unloaded bearing has three apparent stiff-
ness values. The first change in slope (stiffness) occurs for the same reason as
described above. The second change in stiffness is believed to be caused by the
remaining load carrying balls being forced dowr on the inner race shoulder. Since at
this location the inner contact angle is approaching zero, the only radial deflection
possible is caused by compressing the balls (i.e., all ball movement is prevented).
Shown in Figure 5.10.6 is the inner contact angle as a function of radial loads for the
unloaded tearing. The bearing is reacting the radial load at an azimuth angle of zero.
Notice that at this position, the inner contact angle drastically decreases as the load
increases. As this happens, the ball is forced down to the shoulder of the inner race.
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Also observe, at an azimuth angle of 166°, the inner contact angle goes to zero for
radial loads above about 1000 1bs. This indicates that the balls at this location have
left the inner race and, due to centrifugal force, are following the outer race. At
the higher radial loads only three balls are supporting the load. At the higher axial
loads, this does not occur, and all balls are in contact with the inner race.

The influences of radial and axial loads on contact stresses are shown in Figure
5.10.7. The highest contact stress is produced in the unloaded bearing, and as shown,
exceeds 500 ksi. This could cause permanent plastic deformation of the contact sur-
faces. An assessment of heat generated on bearing temperatures and the potential for
thermal run away will require exercising the bearing thermal model for these con-
ditions.

In summary, the current BMT design will produce several values of radial stiffness
as the radial load is varied over a range of 4000 lbs. A rzdial load of 4000 1bs will
probably plastically deform the contact surfaces of the unloaded bearing. If loads in
this range are planned, a thermal analysis is recommended to evaluate the potential for
thermal run away.

5.10.4 CUMULATIVE LOAD ASSESSMENT FOR BMT BEARING LIFE

A basic problem in fatigue analysis is the prediction of life for an element when
time-dependent loading is applied. By progressively loading an element, damage accumu-
lates within the material. Miner and Palmgren have postuiated that failure resulting
from multistage loading can be defined as:

n.

(> :l =1 Minrer's Rule
Miner's Rule assesses the "damage" produced by a stress o¢; for ng cycles as "i/N' and
assumes the individual damaces are additive and independen{ of sequence. [36] !

If Miner's Rule is assumed to correctly predict the cumulative damage for the BMT,
the following equation can be stated:

(2) t1/T1 + tZ/TZ + t3/T3 + ...+ tn/Tn =1
where tn = time at load F
Tn = Total time to Pailure at given stress level (S-N curve)
Since T =L , where L= life to failure predicted by an S-N curve, Equation (2)
can be rewriPten &
t t t t
(3) Se2e2e et
1 2 3 “n
1t =n
__;1
L
i=1
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Harris [1] defines a reiaticnship based on the dynamic loading capacity as

(5) L = (%]_)p

where C = dynamic loading capacity
P = 3 for rolling bearings.

Defining a ratio such that

L Fo\P
(6) 4 (—2)
L2 \R

allows the life to be related to the applied axial reaction load and to failure at a
given stress (force) level.

Defining Equation 6 in general terms gives

(7) tn - (F_n+1)p

.
n+1 n

Substituting Equation (7) into (3) and assuming 3-stage loading gives

LZ : B * = o < =
_(8)
A similar ecuation can be written for L2 such that

t t
(9) |_:1,(.|:i)p(f£)o*|,§(_F_:i p*;-_;‘=l
2/ \"h F2
or
L-YH% % + b3
(10) (f;;$' (F3/F%5'F
Fl 3
Equation (10} may be expanded to a general form:
(11) ba = 4 + 5 + 43 v .o+t +
(Fn/Fl> P (Fn/FZ) P (Fn/F3) P (Fn/Fn -1Y\°
or ’
(12) i=n-1
l.',| = tn + ti
that Recall that a summation can be represented by the integration of a function so
a

t
L=t +
R S (E) e
0 £
n
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the integral term represents the area under a (Fi)P vs. Time curve. If a plot of (Fi)P
vs time is given (See Figure 5.10.8), the life at a particular load can be graphically
cetermined by calculating the area under the curve using the prescribed boundary
~conditions.
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- TIME
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P
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FIGURE 5.10.8 LOAD VS TIME
5.11 MAY, 1983

S.11.1 RADIAL STIFFNESS OF THE BMT 57mm BEARINGS AT 10,000 RPM

An analysis similar to the one veported in the April 1983 Progress Report, was
conducted to evaluate the radial stiffness of the 57mm bearing at two levels of axial
preload. The previous analysis was done for a shaft speed of 30,000 RPM while the
current analysis is for 10,000 RPM. Results of the 10,000 RPM data ar¢ -' .~n in Figure
5.11.1. The 30,000 RPM case reported in the reference is reproduced for convenient
comparison. As shown, the greatest effect of speed on bearing deflection occurs for
the Tow radial loads and low axial loads. At the lower speeds, certrifugal force is
not as great and the inner contact angle is not decreased as much (compared to the
higher speed case) thus improving the radial stiffness. This effect is more pronounced
at the lower axial loads due to the reduced preload effect on radial stiffness. As the
radial load increases, this effect overrides the centrifugal effects and the stiffness
values become almost independent of speed. Shown in Figure 5.11.2 are the contact
stresses for the loading conditions indicated. These stresses are very close to the
values reported in the reference for 30,000 RPM.

5.11.2 STATUS AND RESULTS OF BEARING THERMAL ANALYSIS
Evaluation of the surface to fluid thermal conductor~ for the fluid boiling

regimes is continuing. An improved nodal network for the ball has been generated and
will be incorporated into the bearing thermal model. This change will improve
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convergence of the numerical solution of the finite difference heat transfer equations.
The ball is the most likely component to cause numerical convergence problems because
friction heat is generated at two contact points (inner and outer races) and there is a
relatively small surface area available to reject the heat. This causes large thermal
gradients in the ball especiaily when part of the ball surface is in the film boiling
regime (low film heat transfer coefficient) and another part is in the nucleate/con-
vective boiling regime (high film heat transfer coefficient).

The dependence of bearing cooling on coolant flow, load, and coolant inlet tem-
perature has been investigated. This anilysis was done by modeling the bearing on
Shaberth and evaluating the heat generated as functions of axial load and radial tem-
perature gradient. Viscous work on the fluid was accounted for as described in the
January 1983 progress report. Friction and viscous Toads were used as input to the
SINDA thermal mode! to calculate bearing temperatures. This procedure was continued
until agreement between the two codes was reached.

These analysis indicate that the dependence of bearing cooling on coolant flow is
complicated due to the dependence of bearing internal clearances on component temper-
ature. As internal clearances are reduced due to thermal growth of the inner race,
with respect to the outer race, the normal forces and stresses at the contact surfaces
are increased resuiting in further increases in frictional heat generation and
increased temperatures. Therefore, the bearing is not necessarily a constant heat
generator for fixed load, speed, and varying coolant flow.

Figures 5.11.3 and 5.11.4 show analysis results that support the above discus-
sions. Figure 5.11.3 illustrates the dependence of heat load, coolant outlet tempera-
ture, and coolant flow for the fixed conditions of load and coolant inlet temperature.
The conditions shown are for a bearing set. The 6000 1b. axially loaded case shows an
increase in heat load as the coolant fiow is reduced below about 9 1bs/sec. As the
coolant flow is further decreased, there are two factors causing an increase in coolant
outlet temperature: increased heat load and flow reduction. If thermal equilibrium
cannot be attained at a higher temperature compatible with bearing survival then
failure occurs. The 2500 1b ioad -ase did not experience a heat load increase over the
flow range investigated for th.s particular inlet coolant temperature (-305°F).
Iteration between Shaberth and SINDA models did not produce a converging solution for
the 6000 1b, 3.2 1b/sec case. Consequently, the coolant outlet temperature, for these
conditions, could be at the szturation temperature or some where above saturation. The
broken section of the curve in Figure 5.11.3 identifies this condition. As presently
configured the thermal model is not capable of accounting for bulk vapor generation in
the coolant. Local subcooled boiling is accounted for by using two phase boiling heat
transfer correlations. This represents the physical system provided the outlet ccolant
temperature does not equal or exceed the coolant saturation temperature.

Figure 5.11.4 shows similar results for a coolant inlet temperature of -285°F.
For these conditions, none of the 6000 1b load cases converged indicating a strong
influence of coolant inlet temperature. As shown, the heat load begins to increase as
the coolant flow is reduced below about 7 1b/sec indicating tiat the temperature
gradient in the bearing has caused an adverse reduction in radial clearances resuiting
in increased heat generation.

Although quantitative values of these results should be considered preliminary at
this time, the trends are believed to be correct. Further work currently in progress
will provide improved confidence in the quantitative results especially in the conver-
gence of the computer thermal code. Test data from the planned BMT tests are critical
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to guide and verify the analysis effort. This program is providing considerable
insight into the thermo-mechanical interactions of the bearings which will, when ver-
ified, provide extremely valuable information for improving the design and life of
flight hardware.

5.11.3 APPLICATION OF THE DOUBLE LINEAR DAMAut RULE TO BEARING LIFE PREDICTIONS

Although Miner's Rule has been used to analyze cumulative damage, it does not
account for the effects of load sequencing. Miner's Rule assumes that when the sum-
mation of cycle ratios (n/N) equals one, failure occurs. However, the cycle ratios can
sum to be less than or greater than one when high-low or low-high load seguencing,
respectively, is followed.

In the BMT, bearings will experience various load sequences and it is necessary to
account for these associated effects to correctly predict bearing life. The applica-
tion of the Double Linear Damage Rule (DBDR) to bearing life predictions is being
evaluated. Most of the work by Halford at the Lewis Research Center has been with 0.25
inch diameter specimens. Discussions have been held with Dr. Halford concerning the
feasibility of applying the DLDR to bearings, and early indications are that it can be
applied.

5.12 JUNE, 1983
5.12.1 UPDATE OF BEARING THERMAL MODEL SURFACE-TO-FLUID HEAT TRANSFER COEFFICIENTS

The initial evaluation of heat transfer coefficients for the Bearing Thermai Model
was provided in the November 1982 Progress Report. Continuing review of the literature
and evaluation of the meager cryogenic boiling heat transfer data has resulted in
revisions of the heat transfer correlations selected earlier and updating of the method
for determining the various regimes of heat transfer. Test data or published corre-
lations for heat transfer coefficients for subcooled, high pressure, high flow, boiling
cryogenic systems have not been found in the literature. There appears to be no test
data that matches the thermal and flow conditions in the bearing tester. Therefore,
available information must be extrapolated to the bearing tester conditions and later
verified by data from the tester.

The following describes the raticnale for extrapolating existing data/correlation
to represent the thermal and flow conditions in the bearing tester. Although similar
techniques will be used for 1iquid oxygen, the results of the following development are
for LN,.

2

The forced convection subcooled boiling process can be separated into four phases:

1) Forced convection to single liquid phase.

2) A combination of forced convection and nucleate boiling until a maximum heat
flux is reached. This maximum heat flux is commonly referred to as the
"burnout" heat flux.

3) Partial film boiling.

4) Stable film boilirg.

The forced convection phase occurs without vapor generation and this phase of the heat
transfer process is fairly well represented with published correlations and test data.

5-156



L]

iﬁwhﬁ.u&

ORIGINAL FAGE 18
OF POOR QUALITY

Sp2Ctra res23aive sjs3ms

Nucleate boiling is characterized by a very high heat transfer rate for small
temperature differences. There are two subregimes in nucleate boiling: local boiling
and bulk boiling. Local boiling is nucleate boiling in a subcooled liquid which is
characteristic of the conditions in the bearing tester. Bulk beiling is nucleate
boiling in a saturated liquid which will not occur in the tester unless the outlet
fluid tomperature reaches the saturated value. As will be discussed later, the effects
of local nucleate boiling are significantly influenced by flow velocity and subcooling.
when the population of bubbles becomes too high the bubbles leaving the surface re-
strict the flow of liquid to the surface and insulate it thus causing a rapid rise in
surface temperature. This is defined as the "burnout" heat flux. It is important to
define this point because in general the heat transfer mechanism changes from nucleate
boiling to stable film boiling with a significant increase in surface temoerature.
Stable operation in the partial film boiling regime generally does not occur. General-
1y when the peak flux or “"burnout" point has been passed the system moves to the stable
film boiling regime.

In order to account for these various heat transfer mechanisms in the bearing
thermal model, criteria was established for the changing modes of heat transfer as
functions of the surface temperature of the specific nondal network. For example, as
the inner race or ball surface node temperature increase from the subcooled liquid
temperature to temperatures considerably in excess of the fluid saturation temperature,
all the above modes of heat transfer will have been encountered. Consequently, the
node surface temperature range for each mode of heat transfer must be established and
the appropriate heat transfer correlation determined.

FORCED CONVECTION HEAT TRANSFER

As long as the surface temperature is below the local fluid saturation tempera-
ture, forced convection is the heat transfer mechanism. The aporopriate heat transfer
correlation for these conditions is the Dittus - Boelter equation for the inner and
outer race surfaces and other surfaces in the flow stream with the exception of the
ball. The heat transfer correlation for the ball was taken from refererce 40 which
correlates a wide range of heat transfer data for spheres.

The Dittus - Boelter equation is as follows:*

D he B - cazw Bt

And Xatsnellson's equation for sphteres {Ref 41) is:

(8]

2) r‘.c‘ = 2 + 0.03 N0r0-33 Nre0-54 + 0.33NDr0-356Nreo-58

p
FORCED CONVECTION NUCLEATE BOILING

In this heat transfer regime, both fTorced convection and subcooled boiiiag occur
simultaneously and no generalized correlations, for subcooled cryogenics, have been
found. The first step in developing an approach for extropolation of available infor-
mation to these conditions is to select a pool boiling correlation that matches test
data for high pressure LN,. There are several pool boiling correlations available to
select from. Examples afe: Rohsenow, Forster - Zuber, Borishanskiy - Minchenko,
Kutateladze and others. Reference 38 compzres these correlations with nucleate boiling
test data for several cryogens including LNz. Figure 5.12.1 shows a sample of those

* Refer to nomenclature on page 5-162 for definition of terms.
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compariscns. As shown, there is a considerable pressure effect on the boiling heat
flux at a given value of AT. Also shown is the superior correlation with test data of
the Russian equation compared to Rohsenhow's expression. Based on these results, the
Borishanskiy - Minchenko correlation was selected as the best representation of pool
boiling LN2 data. This eauation can be expressed as follows:
= £/n° v
3) TW-TS—l(‘r' CD

The next step in defining the heat transfer regimes is to determine the node
surface temperature at the peak heat fiux or “burnout" point. An expression, developed
by Kutateladze, was selected based on the comparison wit! pool boiling burnout flux for
LN2 provided in Reference 38. This expression is as follows:

4) Gy = 0-16 £(P)

Since the bearing tester cperates in subcooled liquid, the effects of subcooling
on heat flux should be accounted for. Reference 39, page 6-44 provides the following
expression for correcting saturated pool boiling heat flux for subcooling.

5) Jsb=1+p (T -T]
9
The above boiling data correlations are for static boiling systems, wherein the

flow velocity is small or non existent. The procedure for extrapolating these corre-
lations to a high flow subcooled boiling cryogenic system is as follows.

1) Estimate the surface temperature at which nucleate boiling initiates in the flow

system.
2) Estimate the surface temperature at the turnout or maximum heat flux conditions.

After the above conditions are established it will be assumed that:

1) Forced convection is the dominant mode of heat transfer prior to the surface
temperature reaching the incipient nucleate boiling temperature.

2) When the surface temperature is between the incipient boiling and the temperature
corresponding to peak boiling, a combination of forced convection and nucleate
boiling occurs.

3) When the surface temperature exceeds the temperature corresponding to the peak
flux condition, stable film boiling occurs and this condition can be represented
by the forced convection relationships using vapor properties.

ESTIMATION OF SURFACE TEMPERATURE FOR ROILING INITIATION

It is assumed that nucleate boiling will begin when the boiling heat flux as
represented by equation 3 equals the heat that can be removed by forced convection.
For example:
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Then from ecuation 3:

7)) T, - Tg=fP) [h (T, -T ;T

in the above equation Tw is the surface temperature required to initiate nucleate
boiling.

ESTIMATION OF SURFACE TEMPERATURE AT MAXIMUM HEATING CONDITIONS

The pool boiling "burnout" heat flux is estimated from equation 4 and corrected
for the appropriate subcooling by equation 5. For the high flow system both boiling
and forced convection occur throughout the nucleate boiling regime. Therefore, at
burnout the total heat flux is assumed to be a combination of these mechanisms. The
following expression can be written assuming that the nucleate boiling relationship
still holds.
£.3

8) T, -T = f(P) (h(T, - Ty) *ag]

Tw in this case is the wall temperature at "burnout" and when this temperature is
exceeded stabie film boiling is assumed to occur,

The above technique has been programmed for computer evaluation of the thermal
conductors required in the SINDA bearing thermal mcdel. In general, it was found that
forced convection heat transfer dominated in the high velocity regions. Heat transfer
from the high-speed components, inner races, balls, etc, is effected very little by
nucleate boiling. The major effect is at the point where the surface is estimated to
be vapor blanketed (i.e., the point of "burnout").

The magnitude of the “"burnout" heat flux can also be significantly affected by
surface conditions such as roughness, coatings, etc. The maximum heat flux condition
can be reached prematurely if fiow instabilities or oscillation occurs. These rapid
changes in flow can lower the local pressure increasing the local superheat near the
wall and cause rapidly increased boiling. These added uncertainties aiong with the
lack of experimental data relative to the thermodynamic conditions in the bearing
tester emphasizes the importance of experimental data from the tester. By comparing
measured and calculated temperature data the validity of the thermal model can be as-
sessed.

5.12.2 SENSITIVITY OF BEARING COMPONENT TEMPERATURES TO TRANSITION TO FILM BOILING

Temperature measurements can serve as a guide in evaluating the transition point
from forced convection nucleate boiling (burnout flux) to film boiling. An example of
the importance in evaluating this parameter is shown in Figure 5.12.2. The average
bearing component temperatures are shown as a function of the maximum wall superheat
(Tw-Ts for forced convection nucleate boiling. As the maximum superheat is in-
creased, considerably more surface area of the bearing components remain in the
nucleate boiling regime. Therefore, these areas do not become vapor blanketed and the
surface-to-fluid heat transfer remains relatively high resulting in lower temperatures.
As (Tw-Ts) is increased to the point that all surfaces remain in the nucleate
boiling reSW%e, the component temperatures become independent of the transition from
nucleate to film boiling. In other words, for a given heat load, the transition point
can be increased such that the surface temperature does not reach the transition point
and film boiling does not occur. In Figure 5.12.2 this is represented by the higher
ATMAx values where the bearing component temperatures become independent o ATMAX.
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FIGURE 5.12.2
Component Temperature As a Function
-210. | of Wall Superheat at Max Flux Conditions
Brg 2
-220. | Axial Load = 2500 1b
Flow Rate = 6.3 1b/s
Tin = -305 °F
LN2
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NOMENCLATURE FOR SECTION 5.12

Specific Heat

Diameter

Acceleration of Gravity
Conversion Factor

Heat Transfer Coefficient
Enthalpy

Thermal Conductivity
Pressure

Heat Flux

Temperature

Surface Tension

Density

Thermal Diffusivity
Reynolds Number

Pandel Number

2.7 x 1074 « 1 r—c'ﬂ']'7 P ]’
3 eq Ag VoL = g °g

o {gg.ale, - ¢.) 1/4
LG g c L g

°g
0.1 (f_g_)lMCPL oL

H

Subscripts
Boiling

Maximum Boiling
Convection
Equivalent

Vapor

Liquid

Saturated Liquid/Gas
Subcooled Boiling
Saturated

Wall
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The analysis described herein predicts that the peak flux will be reached at
surface temperatures between 2.6 and 3.3°R, above saturation, depending on the magni-
tude of the forced convection heat transfer coefficient. Also shown is a temperature
measurement for the number 2 bearing outer race. This measurement is in reasonable
agreement with the calculated outer race temperature at the estimated ATMAX point.

REPRESENTATIVE BEARING TEMPERATURE AND MODEL UPDATE

Prior convergence problems with the bearing thermal model have been solved. The
model now achieves a system heat balance and meets convergence criteria concerning the
allowable temperature change between iterations. Representative bearing component
temperatures are shown in Figures 5.12.3, 5.12.4, 5.12.5, and 5.12.6 for the conditions
noted. As shown, the gradients in the track area are significant for the higher
loading conditions. Track surface temperatures, for the high loads, are of concern due
to the possibility of high temperature breakdown of the solid film lubricant. Since
the track temperatures are critical to lubricant performance, additional work is
proceeding to enhance the nodal descristion in the track areas to allow a heat rate
distribution to be applied in the contact area. This update should be completed during
the next reporting period. Although this may affect the magnitude nf track tempera-
tures, the data shown in Figures 5.12.3, 5.12.4, and 5.12.5 should be representative of
the expected trends.

5.12.3 BEARING LIFE MODELING

A NASTRAN model of the bearing inner race is being developed to determine the
stress field in the contact area. Normal load distributions will be considered ini-
tially with tangential forces (friction) and thermal effects to be added 1later.
Initial computer runs are planned for the next reporting period. This effort has been
undertaken to gain an understanding of the friction and thermal effects on bearing
life.

5.13 JULY, 1983
5.13.1 FLUID FILM THICKNESS ESTIMATES FOR MATERIAL FATIGUE TESTER

The minimum lubricant film thickness was estimated for a material fatigue tester
to investigate possible degradation of fatigue Vife due to loss of lubrication. The
tester configuration and design characteristics are shown in Figure 5.13.1. The
lubricant is MIL-L-7808G. The lubricant properties are also provided in Figure 5.13.1.
The resuits indicate that the film thickness to roughness ratio (h/c) is not large
enough to provide full EHD boundary lubrication.

There are several correlations available in the literature for the estimation of
lubricant film thickness. Dawson (1) developed the following formula to calculate
ainimum film thickness in a rolling contact.

1) . oysg(.g)0e6 (o U 0.7

R X ERx

Grubin developed a similar formula:

2) g U7 /LW oo
PR e

X X
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FTGURE 5.12.3(a)

Detail of Track Temperature Distribution

in the Inrer and Outer Races

Axial Load = 1000 1b

Flow Rate = 6.3 1bs/s
Tin = =305 °F

A1l Temps., F

Inner Nace

Quter Race
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’/'F' Rolling Element Temperature Distribution <‘\\
FIGURE 5.12.3(b)

Axial Load = 1000 1b
Flow Ratz = 6.3 1bs/s

Tin = -305 °F

A1l Temps., F

Track Mode
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FIGURE 5.12.4(a)
Detail of Track Temperature Distribution

in the Inner and Outer Races

Axial Load = 2500 1b
Flow Rate = 6.3 1bs/s
Tin = -305 °F

A1l Temns.,°F

Inner Race
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FIGURE 5.12.4(b) Rolling Element Temperature Distribution

Axial Load = 2500 1b
Flow Rate = 6.3 1bs/s

Tin = -305 °F
Track Node
1.0 A1l Temps.,°F
'16. 219
-35 =210° .
-56 =202 ‘égsl
-71 ‘195. N 46
-82 1o ~J 350
- 88_ _534 N
102. -] 54 SR
IR o ) e
A Ty U Ay NI AN
— ST A S5
m@%
@ R
m%%

5-1€9




3

ALITY

-

. e
Moo te

\\\....m'pu_imaa

ORIGih i
OF POOR QU

S300Y J433N() PUB UBLU[ AY} UL UOLINQLAISLQ d4neuadwd) G 21°G JHN9I4
eam-! *20¢- L ‘601~
“1ye- 661~

L “€9¢- _9ge- €
202~ 952~ ‘8

4ot TSuwd) LY

40 G0E- = Ui|
S/SQL £€°9 = 9jey MO|4
q( 0009 = peo] (e

5-170

LXy

9

.omwwu\\\\\\\\\;
[ 5%
"§E2-
692
/:/Iﬁ’]’,il‘\
Lyl- "L€E-
r,rf L . . —




ORIGINAL PACC 3
OF POOR QUALITY

ﬂ:IGURE 5.12.5(a) \

Detail of Track Temperature Distribution

in the Inner and Outer Racas

Axial Load = 6007 1b
Flow Rate = 6.3 1bs/s
Tin = -305 °F

A1l Temos.,°F

Inner Race
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(::;URE 5.12.5(b) nolling Element Temperature Distribution
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FIGURE 5.12.6(a)

NDetail of Track Temperature Distribution
in the Inner and Outer Races

Axiat Load = 8000 1b
Flow Rate = 6.3 1bs/s

Tin = -305 °F

A1l Temos.,-F
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Ry = ﬁl YR,

Viscosity pressure coefficient (inz/lb)

. = Ambient viscosity 1bs - se
U = Entrainment velocity = — (in/sec)
W
- l - . .
LR Load per unit length (1bs/in)

Wy = Contact surface load (1bs)

a = Semi major axis of contact ellipse (in)
E = :&E—m Assumes properties of wheel and roller to be equal
E = Modulus of elasticity (1bs/1‘n2)

v = Poisson's ratio

The above relationships are for isothermal conditions. H. S. Cheng (42) developed
a Grubin type inlet film thickness analysis including the thermal effects. The results
of this work yields correction factors to the isothermal film thickness estimates as
follows:

3) ho =8 B " hyjn (isothermal)

”t is a reduction factor to account for the thermal effects on the lubricant and @_ is
atfactor to account for side leakage in the contacts. Based on the lubricant p?op—
erties, contact geometry, and entrainment velocity, these factors were estimated as
follows: DT = 0.87

P, =09

Dawson's film thickness formula can be adjusted to account for thermal and side leakage
as follows:

h . . u 0.7
s Mooy et [2Y
R E'R',
w )13
[£]

A similar adjustment can be made to Gurbin's formula. The minimum film thickness
estimated from equation 4 is 3.5u inches. Gurbir's formula, including the reduction
factors, provides a minimum film thickness of 6.2y inches. The difference is due
primarily to the differences in exponents assigned to the load terms in the two
equations.

To further investigate the validity of these estimates, data from reference (43}
were compared with the above film thickness estimates. Table 5.13.1 gives the
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lubricants tested and experimental correlation factors determined from the tests. As
shown, the type II Ester has viscosity values closest to the MIL-L-7808G lubricant.

The film thickness data from reference 43 was correlated with the followirg
formula.
R l
- -{~ U : -
£ !. : ) 47

B

5)

A

0. is a reduction factor for high stress conditions. These test data did not include
stress conditions greater than 350ksi. Since the test fixture is stressed to 700ksi, a
value of o_ could not be obtained directly from the test data. An optimistic value’
would be 0.5 which corresgonds to a Hertz stress of 350ksi.

Using the correlation factors for type II Ester and the MIL-L-7808G fluid prop-
erties, the estimated film thickness from equation 5 is, 1.375u inches.

The surface roughness for the sample and wheels were given as:

TEST SAMPLE 44TO 8s INCHES
WHEEL 6u INCHES

The combined RMS surface roughness is therefore:

= ¥ (82 + (632 = 10 inch

The results of the previous analysis are summarized below:

MINIMUM FILM FILM THICKNESS TO

CORRELATION THICKNESS u INCHES ROUGHNESS RATIO- h/c
Dawson 3.5 .35
Gurbin's 6.2 .62
Eq 5 1.4 .14

According to reference (42), if h/¢c >4, thick EHD film exists and the lubrication
should be satisfactory. If 1> h/c <4, partial EHD film exists and lubrication is most
likely satisfactory but may deteriorate when h/c approaches unity. If h/s <l,
lubrication is marginal and operation in this region is in general not recommended
without boundary lubrication additives. Pitting, scoring and progressive wear are
likely to occur.

5.13.2 FLUID HEAT TRANSFER REGIMES AND FILM COEFFICIENTS FOR LOX COOLANT

Techniques developed and reported in Section 5.12 were used to evaluate the
surface temperature for the incipient nucleate boiling range for LOY. The heat
transfer regimes as a function of wall superheat (T -Ts) are shown in Figure 5.13.2.
As shown, nucleate boiling for the forced convectYon® LOX flow begins for a wall
superheat of 12.8°R and the "burnout™ heat flux occurs at a wall superheat of 13.8°R.
This indicates that typical bearing surfaces will become vapor blanketed when the
surface temperature exceeds the LOX saturation temperature by about 13°R. This
compares with a value of about 3°R for l.Nz coolant as shown in Figure 5.13.3.
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Figure 5.13.3 HEAT TRANSFER REGIMES FOR LN2 \
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5.13.3 STATUS OF THERMAL MODEL

An updated thermal model with the reconfigured (node network) inner and cuter race
is in the process of being checked out. This model will have the capability of allow-
ing the frictional heat generated in the rolling element/race contact to be distributed
along the major axis of the contact ellipse. The SHABERTH bearing analysis code
provides the frictional heat generated in the bearing contacts. The calculation
technique used by the ccde solves for the friction force and slip velocity at finite
increments in the contact ellipse. The sum of the product of these parameters is the
friction heat generated in the contact. By providing write statements at the appropri-
ate locations within the SHABERTH code, the heat generation rate distribution along the
major axis of the contact ellipse can be obtained. Examples of these distributions are
shown in Figures 5.13.4 and 5.13.5 for the inner and outer races respectively. It is
of interest to observe that the maximum normal force does not coincide with the lo-
cation of maximum heat generation. The most heavily stressed area of the contact is
therefore not at the highest contact temperature. This is a fortunate condition for
those cases where material properties become marginal due to high temperatures.

§.13.4 ANTICIPATED WORK FOR AUGUST 1983
The following activities are planned during the next reperting period.

1) Finalize the nodal network for the thermal model and initiate analyses to verify,
with the correct model configuration and two phase heat transfer coefficients,

previous analyses of sensitivity of bearing operation to coolant flow, subcooling

and load.
2) Continue development of the finite element stress model of the bearing contact.
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