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FOREWORD

This report describes the work performed by the Pratt & Whitney Group, Government
Praducts Division of United Technologies Corporation, West Palm Beach, Florida 33402, under
U8, Navy Contract NOO140-76-C-0383 which incorporated U.S. Air Force MIPR No.
FY 14557600623, This is an interim report covering work conducted from 1 April 1977 to 1 October
197R.

The Government technical manager for this period was Raymond Valori of the Naval Air
Propulsion Center (telephone 609-882-1414). Ronald Dayton of the Air Force Aero Propulsion
Laboratory WPAFB (telephone 513-225-4939) provided the technical direction for the Air Force
portion of the program.

The project was conducted at Pratt & Whitney Aircraft under the direction of John Miner,
Component ‘Technology Manager: Paul Brown, Principal Investigator: Louis Dobek, Program
Manager: and Johu 2. Robinson, succeeding Dr. Fred Hsing as Analytical Program Manager.

Appreciation is extended to the following Pratt & Whitney Aircraft personnel for their
assistance on this program. Michael Carrano, Robert McFadden and Gene 'T'sai assisted with the
analytical effort. Computer programing assistance was provided by Walter Grube and Herb
Grommeck. The experimental bearing testing was conducted by Edward Tohiasz who was
assisted by Robert Cohen. Frederick E. Dauser, Jr. provided statistical analvsis of the
experimental test data. Engine application advisory support was provided by Eugene Beverly.

Aknowledgment is also accorded the Split Ball Bearing Division of MPB Corporation, who
provided the experimental hardware for this program.
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SUMMARY

This combined analytical and experimental program is aimed at generating a manual that
. will permit the design of cvlindrical roller bearings capable of operating relinbly ar 3.0 MDN,

The analvtical efforv during Phase 1 focused on three main areas. The first area was
concerned with upgrading a roller bearing optimization analysis and computer program. This was
based on a quasi-static approach and was completed and reported on in Section IV of the first
interim report covering the period 1 October 1975 to 1 April 1977,

‘The analytical effort for this reporting period has been primarily concerned with two areas;
the continuation of work on the dvnamice simulation and prediction svstem. and the development
of the computer program. Initinl work associated with these two areas was described in Sections
V and VI of the first interim report. During this reporting period, several force models were
refined. The module STATIC was completed and incorporated into TRIBO 1. Maodel validation
test cases were run for the CADYN module, In addition, improvements were made to models in
RODYN and SYSDYN which allow a more accurate analvsis of roller and cage dvnamics.

The experimental portion of this program is aimed at evaluating the influence of geometric,
tolerance, design. and operational parameters on the skidding and skewing wear characteristics
of 124mm roller bearings operating at speeds of 1.0 to 3.0 MDN. During the period of the first
interim report a study was completed in vhich a total of 30 separate bearing parameters that
influence roller skew and skid were identified. Two groups of bearing designs, labeled N and Al
were then prepared using statistical design technigues and incorporating parameters from the list
that could be varied in a sensible manner. The Group-N bearings consist of eight separate designs
which permit the quantification of the influence of seven individual bearing parameters on roller
skid and skew. The Group-AF bearings consist of five bearing designs which enable four
additional parameters (o be studied. Bearing test hardware was pracured and testing initiated.
During this report period testing was completed on both the Group-N and AF bearings, Five of
the nine Group-N bearings performed in a stable manner over the entire range of conditions
tested while the remaining bearings tailed due to excessive reller wear. Four of the five Group-AF
bearings tested performed in a stable manner, 'The tifth bearing failed during testing as a result
of an inner ring tracture. Also. a 3.0 MDN prototype bearing was designed during this report
period and will be evaluated in a 60 hour rig test, Fabrication of the prototype bearing is in
progress.
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1. INTRODUCTION
1.1 Background

The hagher thretto-weght ratos required for advineed soreratt turbine engine desipns
demand mcreszed rotatonal speed of che turbines and compressors, The desipgn and devejopmen:
o such turbomachinery s often complicated by bearing considerations The rotor and rotor
supprert swstems are generally charneterized by high shaft speeds to achiove mnximum: jas
dine ae performaneo, tunnmatn size, and minimum weignt; Nexible bearing support struetures
tor lcht weight and minimum distuption of the flowpath by interdiction of strats and vanes: and
Yy shaft digmeters tar high bending and torsional stiffness, These fuctors result in bearing
spectfientions. which require high bearing DN devels and high misalignment capabaliey. s
antictpated that speed levels to 2.0 MDN (million DN) will be requiired for engines m the
1930 10 e frame.

Constidlerable effort hus been expended by investigators on upprading the petformance of
DN ball thrust beatings, and this eifurt has produced many tens of thousands of hours of
aperatmg tupe ar 3.0 MDN under Inbortory conditions. Ball thrust-bearing technology has
evolved to where matenal considerations determine the life Hmits of the design. However, the
tehnedegy base needed for the design of optimum roller bearings (o meet high DN requirements
is it well detined. Iy many cases, roller bearing: petformance has been the imiting factor in the
design of high speed sotor systems beeause of a lack of understanding of certitin aspects of voller
hearing hehavior. There s good reason for this, Vhe inereased susceptihility of roller bearings to
tul has surfaced m relstively recent times. Fver increasing engine rotational speeds have driven
bearing xpeeds up 1o DN evels which serve to intensify the influence of geometric variations and
other parnmeters on roller dynamics Evidence accumulated in the field, and data ohmmvd in
development tests, indieate that bearing performance is very sonsitive to ralley inat;

haprh

These mstabilities oceur Frequently in hugh DN bearings and cause roller skewing. The
charneteristie failure mode which identifies roller skew is rapid cecentrie wenr on the end surtaces
of some or all of the rolling eletnents of o bearing. Figoure | shows the eceentrie wear pattern on
une end of a eoller, with the other end having acsimilar pattern but 180 degrees out of phase. This
condition van eXist undetected until heunng aiture occurs, Figure 2 shows a typieal example of
beaving failure precipitated by cecentrie end wear of one roller element.

Related to skewing. and apparently influenced b many of the same forees which induci it
15 roller skidding. When rollers skid, the resulting damage is particularly severe on the rolling
contact surfa, es and. subsequently, has an adverse effect on bearing durabidity. Currently,
skidehing 1s considered to be of secondary importance compared to roller end wear. This
conclusion is bused upon considerable field service experience. Data indiente that roller end wear
tuihyres predominate. The mechanisins that cause skidding are more readily understood, and
inherent in this understanding is the suppestion for itz control. 1t is well known that roller
skidding occurs when bearing radial loads are light and rotational specds are high, A concept
commonly used to supplement the externa! load is a two-point radiai preload design. This basic
preload sy2tem. which i achioved by machining the outer ving OD ip an out-of - round oval shape
comhined with a slight interference fit in the bearing housing, adds epough load to keep the
rollers “in gear” nround most of the bearing's circumference. However, as speeds increase, the
abiiity to maintain contral of the internal cleprance needed 1o ensuse operation free of skidding
damajgre becomes inereasingly dependent upon aceurate knowledge of the internal heat generated
by the bearing. Thix factor, coupled with the cooling svstem design, determines the operating
tempernture level of the hearing and, more importantly, the temperature gradient from the inner
1o the outer raceway. Thus, an aceurate knowledge of the heat generated is o pecessity i adequate
vontrol of eperating clearance is to be achieved so that roller loading is matained at alevel that
successtullv inhibits roller skidding




Frgwre -

5o beevnirie doiiaer Foad Woan

Typreal Bearig Faddre .

[ ML . . .
tadie to Fecentrn

i

vr bnd Wean




R

Or course, there are other modes of engine roller bearing failure beside those attributable to
end wear and skidding. Some of these modes are identifiable with ti.e cage ai.d others may be due
to roller edge louding causing premature fatigue spalling. However, it appears highly likely that
if the basic roller end wear problem — as intluenced by skewing action — can be avoided, a large
measure of the solution to other root problems can be effected. This becomes acgeiy self-evident
upon study of the long list of geometric, dimensional, tolerance, quality, and operational
parameters which influence and control roller tracking forces. A design system which provides
identification and regulation of these factors will provide a means for establishing the entire
bearing design. For these reasons, this system must go beyond a quasi-static analysis and must
address roller bearing dynamic behavior.

1.2 Program Approach

As indicated, future engine design requirements dictate rotler bearing DN levels to 3M.
Therefore, to achieve this DN level, roller bearing technology must be upgraded in time for its
utilization in engines slated for operation in the 1960-1990 time frame. The schedule to develcp
bearings to meet the 3 MDN requirement calls for an extension of the present state-of-the-art of
bearing design and requires considerable analytical and experimental effort to investigate the
effects of increased DN levels on many critical design parameters. In addition to the conventional
parametric studies involving fatigue life. stresses, temperature, fits, cleaiances, alignment,
lubrication and rotor dynamic response, special attention must be given to roller skidding and
skewing motions which have been identified as likely problem areas for high DN operation.
Proper analysis of thege effects requires dévelopment of a new computer program which considers
the complete dvnamic motion of each element in the roller assemhly.

Effort under this program is being directed toward formulating a viable generalized roller
bearing analytical design system that considers a number of geometrical and operational
parameters, This development program is based on an integrated analytical/experimental effort.
The resultant design system, in the form of a complete coinputer program, is intended to provide
the bearing design engineer with a useful tool for studying the static as well as dynamic
characteristics of high DN roller bearings for future aircraft engine mainshaft applications. The
design system will be useful in conducting analytical experiments under simulated operating
conditions. A parametric study utilizing a reliable analytical design system could establish basic
design criteria, help to separate the important variables from the unimportant ones, predict the
effect of each controllable design factor, and could substantially reduce the number of costly test
peograms in the early phase of new bearing development. Tt could also be used to assist in the
diagnosis of roller bearing failures in service engines.

1.3 Program Scope

The work being performed under this contract inclucdles both analytical and experimental
activity. Under Task I, a computer program which describes the roller bearing dynamics, loads,
stresses, deflections, deformatione, thermal conditions, heat generation, lubnication, and
operating parameters will be develeped. In Task II. experimental rig tests will be conducted on
a group of 124 mm bore roller bearings to define the influence of geometric and operating
variables and to verify the accuracy of the computer program. The computer program will be
refined as necessary to reflect the test results. Also, results from other planned experimental
testing which will address a separate group of roller bearing variables will be used to further refine
the model. In Task III, the information developed under Tasks I and IT will be used to design and
fabricate a prototype bearing and conduct a demonstrator rig test having a goal of 60 hours
operation over a range of DN values from 2.2 1o 3.CM. In Task IV, the results of Tasks 1 through
IIE will be incorporated into a design manual for high-speed cvlindrical roller bearings. The
manuil will include the computer program developed in Task | and moditied during subsequent




tasks. These tasks also include parametrie testing on an additional group of roller bearings
containing different bearing variables than those studied in Task 11 The test results (rom this
added testing will e used to further refine the analvtical model developed under ‘Task 1. 'The
work also includes installation of the computer program at the Wright-Patterson Air Foree Base

computer facility.
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CONCLUSIONS AND RECOMMENDATIONS
2.1 Conclusions

The program development process continues to yield new insights into methods of analysis
and bearing dynamic behavior, Some of the more important are:

Fixtensive refinement of the program and replacement of previously de-
veloped subroutines with more effective versions has resulted in improve-
ments in both accuracy and efficiency. This program improvement. process
has been facilitated by the modular organization of the program,

Preliminary results from the computer analvsis indicate that a large number
of contacts between the roller and/or the cage and/or guide flanges is to be
expected. As a result it is concluded that the method employved for handling
the contact model will have a significant impact on overall program running
time.

Modeling the actual deformaiion resulting from the dvhamics of impact at
the guide flange is not feasible due to the excessive computation time
required which is a direct result of the need to use extremely small time steps.
The alternative approach calculates the post impact velocities without
resorting to time-consuming computation methods,

Cage web flexibility does not significantly affect the roller to cage web impact
load magnitude for poin! . sntacts near the web root. Line contact between
the roller and web does have an ~ect on cage web stress. This mode of
contact, however, is unlikely to - cur for general three-dimensional roller
motion,

Conclusions that can be drawn based on experience accumulated in the experimental
portion of this program are:

Test time and conditions produced roller end v .. . < Jsulficient magnitude to
allow statistical correlation to the test parar

Although a wide range of roller wear wa~ - -, d for the parametric test
bearings, similar thermal characterist.: = 5.« red for each bearing.

Extreme amounts of roller slipp : ‘esult in unusual thermal
hehavior of the bearing nordi* ™" ;- 1s skid damage or distress in

this test environment and dura..a.

Increasing coupled roller corner radius runout has the most significant effect
on increasing roller wear and resultant skew angle limits,

Increasing roller end clearance and 1/D) ratio have a significant but lesser
eftect than corner radius runout on rolier wear and skew angie increase. The
affect in both instances is 1o increase roller wear.

2.2 Recommendations

Based upon the above conclusions the contractor makes the following recommendations:

it is recommended that additional methods for reducing -~ sutation time be

sought and applied to TRIBO 1,
)




Upon completion of the program as presentdy defined, it is recommended that
sensitivity studies be performed to determine the eftect of certain assump-
tions and the influenee of program iteration tolerances on running time. This
knowledge would allow program running time to he minimized.

Bearing temperature monitoring should not be relied upon as a method to
detect roller wear.

Roller corner radius rutnout should be maintained at the lowest possible level
in high-speed roller bearings.

The lower levels of both roller L/D ratio and end clearance that were

evaluated should be incorporated in future high-speed evlindrical roller
bearing designs.,




The fundamental elements in the dvnamic simulation and prediction system consist of
analyses to determine all forces acting on the bearing cage and rollers, including those due to
contact between the inner ring and the cage, the rollers and the cage, and the rollers and the inner
race, as well as analyses to determine dynamic behavior of the cage/roller system under the action

1 of the external forces.

‘ 3. DEVELOPMENT OF THE DYNAMIC SIMULATION AND PREDICTION SYSTEM

The first interim report described analyses for determining certain forces that act on the
roller and presented prelinvinary methods for calculating roller-to-race contact forces and roller-
to-cage contact forces. The equations of motion and the general coordinate systems were
discussed for both the rollers and the cage.

aluglhidil
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The following sections describe analyses of the remainder of the roller/cage forces that are
of significance as well as refinements and updates for analyses of some of the forces previously
discussed,

3.1 Roller £nd Viscous Shear Resistance Model

In the first interim report, consideration was given to the fluid shear forces and moments
imposed on the roller cvlindrical surface as a result of its proximity to the cage web. The
interaction of the roller end surfaces with the cage and guide flange also produces forces and
induces moments on the roller due to shearing of the interposed lubricant film. The magnitude
of these forces and moments is influenced by the type of lubrication acting at these interfaces;
that is fuli film, boundaty, or dry. Because hydrodynamic normal forces tend to keep the surfaces
separated, the current analysis assumes that full film lubrication is the predominant form of
lubrication existing during high-speed operation. The forces and moments generated are
therefore due to viscous shearing of the oil. The damping effects of these viscous shear forces on
the roller 2nds can significantly affect the roller dvnamic motion. In addition, a portion of the
total bearing internal heat generation is due to the energy dissipated in overcoming this viscous
shear resistance.

P—

The net relative velocity between the roller end and either the guide flange or cage siderail

: is treated in this analysis as being the result of a combination of both translational motion of the
roller center due to rotation about the bearing axis and rotation of the roller about its own center.
) The viscous shear forces and their line of action are dependent upon the roller angular velocity
.. wy. the lubricant film thickness h, and viscosity g, as well as the geometry of the surfaces. Shear
3 forces arising from centripetal acceleration of the lubricant due to cage and roller rotation are not
: considered. The approach used in this analysis is to superimpose the solution for Couette flow
between parallel plates on the sowution for a free rotating disk in a viscous fluid (Ref. 1). How this

3 was done in the present analysis wil} be illustrated first for the interface between the roller end

ER and the inner race guide flange, and then for the interface between the roller end and the cage
siderail.

% 3.1.1 Roller End to Gulde Flange Interface

N Figure 3 shows a schematic of the roller end and guide flange interface, where the roller has

i been fixed in space and the guide flange moves past it with a relative translational velocity.

+

£ Lubricant flowing through this region is subjected to shearing due to both roller angular velocity
and roller-to-flange relative sliding. It has been assumed that these effects can be considered
independently with the total effect of velocity then determined by superposition. It is further
assumed. for the pu.pose of this analysis, that the lubricant viscosity is constant, the flow is
laminar, and that the shear stress in the interface is unaffected by varations of local film
3.. thickness caused by roller skewing.
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Figure 3. Viscous Shear Model Force and Moment System for Roller End/Guide Flange Interface

With these assumptions taken into account, the total shear stress acting on one end of the
roller due to the guide flange can be expressed hy:

T ¥ T b T (n

where:

T = total shear stress between roller and guide flange

Tra = component of shear stress due to roller rotation relative to the guide
flange

T = compunent of shear stress due to roller sliding relative w the guide
flange.

Shear Stress Due to Roller Rotation Relative to the Guide Flange, .,

Discounting edge effects, an analysis of the turning moment on u disk rotating in a viscous
fluid is available in the classic text by Schlichting (Ref. 1). This equation is applicable when the
fluid boundary layer due to disk rotation is small with respect to the gap. This condition is
generally satisfied due to the very high roller angular velocities encountered in typical bearing
applications. However, to previde a reasonable estimate of the shear stress on a roller due to
interaction with the guide flange, the reference analytical approach had to be modified to

approximately reflect the effect of the appropriate sector-shaped shear area as illustrated in
Figure 4.
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Figure 4. Shear Element Due to Relative Sliding

According to the analysis presented in Ref. 1, the variation of shear stress in the radial
direction for a rotating disk is

7. = 0616 p (‘E> wr®r (2)
where:

o = density, tb/in.?

¥ = kinematic viscosity, in.-sec

w, = angular velocity, rad/sec

r = radius variable, in.
r = shear stress, tb/in.?

g = gravitational constant, in./sec¢?

In general, the force F,,, and moment M,,, on the rol'er can be obtained from the following
relationshipa:

Frn = J‘;. Ty dA- (3)
and
Mu = fA, . r dA, €))]

Substitution of Eq. (2) into Eq’s (3) and (4) leads to the following integral expressions;

. { " "o R,
Fro = 06165 { L ) ut? bl g g ¥ drda

sin #
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and

- . u, R
M, - 0616, ( *.): ) wH! .'”‘ ‘ gt r* drde (6)
sin o

These integral equations can be solved closed form tor the total force and moment acting on
e roller end face:

. . (7) .
0.616 p (J. u,g) ' ,,m( _E.._;._fh)
¥ - g R (r — 20,) ~ (R, )'( AL —'-m( ~——--m"':"—-——~-->)
1 L v ' v nt sin? #, R ( 3 )
tan -5

\“
0.616 p (—}w: )

! 2 cos 4
M, = 1 R, — 0) ~ (R, - 08 ( -‘-m b cot 0, ) . (8)

Shear Stress Due to Roller Sliding Relative to the Guide Flarige, 1.,

Because of the kinematics of the rotler/guide flange svstem a large component of shiding is
present between the two surfaces. Since the variation of the sliding veloeity in the radial direction
is small, we can consider the tlow in the gap between the roller end and the guide flange to be
primarily one-dimensional, i.e., in the bearing circumferential direction. Thus the problem can
be reduced to one similar o Couette flow between two flat plates with no pressure gradient
present along the direction of flow. A schematic representation of this svstem is shown in
Figure .

ROLLER

V

W ELATIVE :
l;.__ )

GUIDE FILANGE —

Y.

Figure 5. Velocity Distribution Due to Relative Stiding, u(:)
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The expression tor the shear stress in this case is given by

T = R liif?‘ N

‘The circumferential relative velocity gradient,

au(z)
2

is simply

[l &)

A LI (10
az h Lo
where u is the relative sliding velocity between the guide tlange and the roller,
Direet substitution for the sliding shear stress yields:
I (L}
T = 1
™ h {

The basic integral expressions relating force and moment to the applied shear stress,
equations QY and (1), can again be utilized to obtain:

Fu = 1 dA, - -‘;—:l I da, (12)
M, ";\. Tae P dA, = fi—‘"— -’1\_ ree T AL (IR}

The effect of the sector-shaped slider geometry of the roller end face must once agaan be
taken into account by choosing appropriate limits tor the surface integrals (132) and (13, ‘That is:

Co_ oMU R
F.. b ' _l_!z_'lu_._r dr d# (th
sin #
_oul R ,
M, - 4 _I”I | W, Fdrde (15)
sin #

Solving (13) and (15) for the force and moment on the roller resnectively:

F, - 1:;-;:- IR (= 200 - (R, - 1,)% (2 cot 0) ) (16)

utl

(et )

(17

. o1
1. - = 3 -2y - . AL B N ———————
M. - 5 R 20 (R (Sm_, il - ( »"-‘—Y




The tatal shear foree on the roller due to the guide flange, ¥, is then the sumimation of the
rotational and sliding comaponents and acts in the circumferentinl direction.

FN = Fru b F-\.( (lﬁ'
The 1otal moment about the local roller z-axis is:

M, = M, +M,, a9

3.1.2 Roller End to Cage Sidersil Interface

Consideration of the effect of oil tilm shearing in the roiler end/cage siderail interfiace poses
a nroblem similar to that tor the roller end and guide flange interface presented in the preceding
section. Since the shear on the roller end will also affect the cage dvnamic motion, the computed
shear forces must be added to both tne individual roller and to the overall cage force and moment
svastem. ‘The roller rotates about its own axis with respect to the cage and is also tree to move
circumferentially and radiallv with respect to the cage.

As was the case for the roller/guide flange contact, the total shear force and moment is
computed approximately by summation of the rotational and sliding components. Figure 6 shows
the shear stress resulting from rotation of the roller with respect to the cage sidermil. Since shear
varintions due to roller skewing are not considered, it can be inferred from the figure that the
contribution of the roller rotation to the net roller radial force will be zero since shear stress
components on either side of the y-axis are equal in magnitude and opposite in sign.

CAGE
SIDERAIL

x

dAa

Figure 6. Shear Stress Resulting from Rotation of Roller Relutive to Cage Siderail
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In addition, because of the small clearances between the cage bore and the inner ring lands,
the effect on shear due to any cage eccentricity with respect to the roller pitch diameter can be
neglected. ‘The total moment on the roller due to shear drag with the cage is then due solely to
roller angular velocity, w,.

The shear stress equation for a rotating disk is again modified to reflect the effect of the
contact zone which, for the roller/cage interface, is approximately rectangutar. Following an
analytical procedure similar to that for the roller/guide flange contact we can develop the
expression for the roller drag moment aue to its angular velocity as:

My = | rexdA

(20)
M. = | Wxadx

where
Ay
e = 0.616 p (—-) w'?x

and all terms are as previously defined in equation (2). Therefore,

O\ [} 1]
M. = 0.616 p (%) Wt W ( -3%) (21)

-

The radial and circumferential components of the shear force acting on the roller due to 2
reiative sliding velocity between the roller and cage are caleulated using the same type of Couctte

. flow analysis as was used for the roller/guide flange contact.
3 ‘The radial component;
E % Fnr)r = ,‘ fm-)r dA

: (22)
‘. ko, = S v,
‘The circumferential component:
, ‘ Fue = | 7o) dA
‘ (23)
7 l Fn':,r = glvﬁ& ' Vn)r

where:

F..): = shear force due to sliding relative to the cage in the radia! direction

- ' Fu)e = shear force due to sliding relative to the cage in the circumferential
- direction




o g

The total shear tovee on the k- roller end can now be completely adentiined by sumiang: the
components i the radial and circumterential directions due 1o both the snide fange and the
cage The onlyv radial shear toree component s that due to raller veloeity relptive 1o the cage 1y

Rotd}

The wtal circumterential shear foree s tound by sumpuing cquations €131 and o)
"0, [QFEEE AR NN
The total moment about the local roller 2-axis i found by summimg cquations (19 and 2D

Mo, N - N, (200

Fach roller exerts an equal and opposite deag: force and moment on the cage. the directions
obwhich depend on the sense of the instantaneous retative sliding velocity bepween the raller and
ciite, These het forees on the k™ voller and k™ eape pocket are as shown in Figare 72 The overall
ettect on the cape can be represented by o summation of vhe mdisudal contributions s all the
rollers which then identities the total endial and circamberential shear toree aeting on the cage
due to teraction with the roller ends.

Figwre 7. Net Forees and Moments on Roller End and Cage Stderail Duae to Viscous Shear
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Total Kadml Coammponent:

Foo- 0 N Rk, (26)
[
whoetre
- Number of rollets

Total Circumferencial Components:

ML, - R RRLD, (28)

3.2 Elastic impact Contact Model

The mevement of a roller at any tume may be with sutticient veloeity that contact with the
constrinniny strtaces mavy be classitied as o impact. Analyvtical imethods have been developed m
the subiecr program to deal with inpets oceurring between a roiier and ihe inner nng guide

pr
tange constraints as well as between a roller and the eage web constraint s

Acontact i said e exist when the separation distance between aoraller and the saide ral
or the vage web becomoes cither nepative or less than some previousiy defined  mimmuan
separation distnee. This minimum separation distance ean be described phvsically as the fitm
thickness below which hedrodynamice tubprieation theory is no longer valid and boundary tvpe
lubneation ettects predonnnate

The elastic mipact model deseribed in the tirst mterim report was intended 1o constder both
the detormation and restitution phases of oller and cage impacts. This approach, while
theoretically valid, was prone to cenauin computational disadvantapes.

The ocewrrence of an impact with a corresponding wmetal to wetal contact represents an
extremely rapid change in the svstem of torees acting on the roller. and as such, represents a
virtual discontinuity for the mathematieal svstem: The impaet forces and moments ate functions
ot both the displacement and stithiess of the roller and the body i s i contact with, and may
underyo large changes in magnitude in o very short time, Under these conditions, the integration
time step required to =olve the equations of motion becomes prohibitively small,

3.2.1 General Sohknion Technique

To avoid an undesirable penalty in execution time. an mproved analvtical method was
devized 1o eliminate the necessity of calealating the impact toree variation during the
deformation phase of the jmpact. but ver =nll allow a ren)-tme scimuiation of the post.eontacct
moetton of each bady. At vach tioe step, each roller in tarn = checked to deternine its sepasation
di-tance with respect to the raceman puide langes and cage web Al vollers nudieating a contact
sttnation are wentitied These vollers ave then analvzed (o determine which of them contacts the

15



%

vonsting st o svstemoanteprittie o inbe ~step oo then sdiusted so that the velocity and
posttren of that toller whirch contaces the consteanmt st s deternned at the instant ol vonlaeg
Fhe progeanm now treeses the poesitien of all wellers coud enters the contat nuade

The peak torce and vontact duration are then catoulated trom the Heet 2 theopy for centraliv
tapacting spheres (et 2 The peak torce correspondimy; tee meaximume focad detormation s
assumed ro exast at the start of the contiact anabvoas, and to decay waith inoe as a cosime funetion,

Fied = Fra, cos i v

Hnalh deopping to zore at the end of the restitution period which i~ asstmed te be equad to one
halt of 1he thearetical contact duration Duning this contact mode, the response of the poller cage
sistenm s deternmed by integratimg the cquations of molion i the usual manner At the end ot
the restitntien period, the potler o noe fonger m contaet with the constramt and the progrom leaves
act ode

the o

The above procedure s summarnized m Frymare S and s apphed as desoribed tommpan s ol the
roller with the pude Hanpes and wath the cage web

J.2.2 Eftect of Cage Web Flexibility

Ananadvas to determine the ettect of cage weh tlexabihity on contact toree yarnation and
vontact time durations s heen completed Depending on the roller skew angle at the mstant ot
vontact, the impact foree mav he assumed to act as either o pomt load near the root of the cage
web twhere the cage wobins the siderailr, or s an evenly distribuied force oner the roller fooweh
contact length. This fatter assumiption of Hoe coniai Coceurs ondy when there s 2ero relative shew
hetween the roller and the cage, which s considerad rather tnhkely Results of the anafyvaas
wndheate that cage web flexibility ean significantdy attect the magnitede of the peak toree tor line
tpe contact, bat that weh flexibnd:iy has aneghable ettect tor the mope hkely securrmg: pont
contaets, Therejore, 1t is advantageons brom an execetion time standpomt to utihiee the mare
approximate, ngid cage web methad ot analysis, This is based on the assumpions that ool pomt
tvpe contacts occur and that the beaving geometey and materials are simolar o those that have
heen emploved in the parametrie test progrian

3.3 Cage Mass Moment of Inertia

Asaconvenience tor the user, an analvsis fer the deternnnation of the cage mass moments
of mertia about the body tixed x, v and 72 axes wae derived, incorporated in the program, and is
presented here The analvsis assomes that the cage pockets are evendy spaced. with the v axis
radiating from the conter of the cage through the center of pocket number 1 at o'clock as shown
in Fipure 9, Furthermore, it is ako asumed that the local y, v and £ axes ave the pomapal anes.
This is vormally rrue for conventonally desyaied cages with an even npumber ci pockets The

assumption is approximately correct tor cages with an odd number of pockers, smee the number
of rollers in a mainshaft gas turbine engine bearmyp is suticiently Lage so that the effeet of this
asstmption on the mass moment of inertia becomes negligiite
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For the g'" cage pocket:

2 S
By = %(q -1) - o + 1,
See Figure 10 (33)
2 » 7
by = —nl(q - 1) +""‘r j T
n = No. of cage pockets
- q- = q'"cage pocket- - - - : e = -
p. = Cage mass density (Ib/in?)
W. = Total width of cage (in.)
r, = Cage outer radius (in.)
r, = Cage inner radius (in.)
W, = Width of cage pocket (in.)
8, = Azimuth angle of q*" cage pocket (rad)
S = circumferential length of cage pocket at pitch radius (in.)

o' CAGE POCKET

Figure 10. Front and Rear Cage Pocket Azimuth Angles
3.4 Roiler Dynamic Wear Model

Accurate prediction of roller end wear due to dynamic interaction with the cage and guide
flanges presents a difficult analytical dilemma from two standpoints. The mechanism of dvnamic
wear is quite complex and requires rigorous treatment if an accurate wear profile is to be
generated. The analysis, however, must be efficient and quickly solvable via the computer if
reasonable run times are to be possible.

A linear wear model was selected to represent the wear mechanism between the roller end

and the guide flange since the relative sliding velocities are quite moderate and are typically in

o the 200-300 ft/sec range. This type of model, which has been used te compute wear in journal

: bearings and similar sliding devices (Ref. 3) has to be modified to reflect both geometry

- differences as well as the transient loading conditions inherent in the roller end/guide flange
contact zone. The general form of this model is expressed as:

W - f(K, P, S)




The specific form of this model employed in the subject analysis is the linear version;

namely
W = KPS (34)
where
W = wear volume (in%)
K = empirically determined wear coefficient (in¥in.-1b)
I .. - _P = load (b)) _ e e o
S = sliding distance (in.)

Whereas the load P usually represents a steady-state load, the TRIBO 1 wear model
redefines P in terms of & Hertzian impact load for point contacts (Ref. 4).

P = 0.7064 (VS M? Bt E3pe , 7 (35)
where
V, = normal approach velocity (in./sec)
M, = muss of roller (1b)
B = roller corner radius parameter, 1/2R, ;e (in." %)
5! = equivalent elastic modulus of roller and guide flange (psi-!)

_ (l-—u{__l-'ug)
- ﬂ'E| - "E'

Poisson‘s ratio of roller and guide flange

)

,’|' ‘I’
The sliding distance, 8, is considered as a function of roller and guide flange velocity

components in the radial and circumferential directions as well as the dynamic contact duration
time, At. It is assumed that the roller angular velocity remains constant during the contact.

The sliding velocity is given by

Vulldlnl = (Vf + Vh“. (36)
where
V. = relative circumferential roller velacity component (in./sec)
V. = relative radial roller velocity component (in./sec)

The Hertzian contact duration time for a point contact (Ref, 4):

At, = 5.198 (Vi M? B E,-9¢ 37
Thus the sliding distance is:

Saamg = (VI + VO At, (38)
This concept has been utilized as the basis for the incremental wear model, wherein a wear

increment, W,, is calculated from the following equation whenever a contact occurs in the
dynamic system,

20




W, = KPS, (39

i TI'he total wear is then the sum of the individual increments:

wmlnl = Z K l)l SI (40)

" “which by substitution'is " "

Wiotm =

Z K an M[] g(Vf + V}m N 7 (41)
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4. DEVELOPMENT OF THE COVMPUTATIONAL SYSTEM

gkt b i iota Mok | it Rikiats

3 The computational system consists of the algorithm which determines all roller and cage

forces and integrates the roller and cage equations of motion to determine their respective
positions and velocities as a function of time.

The overall computer program, TRIBO 1, is organized on a modular basis and is built on
four major subprograms, or modutes, namely; STATIC, CADYN, RODYN and SYSDYN. Each
2 ~ of these modules will be discussed with its own input and output capability and each-can-be run
S as a separate program apart from TRIBO 1. Each module is composed of many subroutines which

are used for evaluation of the forces and moments arising from interactions among the bearing
raceways, cage, and rollers.

The basic structure and logic of these subprograms was developed and reported in the 1st
§ interim report. Work since then has resulted in extensive refinement. and in some cases,
- - replacement, of some of the above mentioned subroutines. This effort has resulted in certain
revisions that reduce computer time and others that reduce computer core requirements. Also,
extensive revisions to the program input/output subroutines have been made resulting in greater
clarity and convenience for the user. In addition, model validation was effected through
comparison with a closed form analytical solution, and several parametric studies were run to
illustrate particular subprogram capabilities.

4.1 STATIC Program Module

STATIC is the subprogram which provides the means for quasi-static roller bearing design
optimization. The related analysis and program capability were discussed in the first interim
report in Sections IV and VI respectively.

Work performed during this reporting period was directed towards improving program
computational efficiency for STATIC and updating several related roller optimization sub-

routines. Also, the STATIC subprogram module was incorporated into the overall TRIBO 1
program.

4.1.1 Improved Computationsi Efficlency of STATIC

The flexible ring bearing analysis used within the subprogram STATIC was developed from
an earlier version of the deck, which was based upon an assumption that the inner and outer
bearings rings were rigid. The tlexible ring analysis utilized this rigid ring analysis to provide
initial values of roller deflections for the flexible ring iterative procedure. Subsequent experience
has indicated that it is not necessary to obtain the rigid ring solution as the first step in finding
the flexible ring deflections. The elimination of this first step in the analysis has resulted in up
to a 30" reduction in computer time for some test cases,

Additional development work on the static roller optimization analysis, called subroutine

OPTIMA, has resulted in increased capability in handling extremes of both misalignment and
outer-ring out-of-roundness.

4.1.2 Improvements to the Roller Optimization Module

< The roller optimization module has been updated with the addition of two subroutines. The
- first subroutine deals with the calculation of the influence coefficients for the inner and outer
rings and support structures. The second subroutine provides a way to take into account the
& effect of raceway undercuts on the optimum combination of roller flat length and crown radius.
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As explained in Section IV of the first interim. report, the influence coefficients are used to
account for the effects of ring and support structure flexibility on the bearing internal roller load
distribution and hence on bearing life. In actual aircraft engine applications the inner and outer
ring support structures may have rather complex cross sections and the influence coefficients
corresponding to the application of a point load may have to be Jetermined by means of either
a finite element analysis or a shell analysis. While it may be desirable to consider the effects of
ring/support flexibility, the use of either of these procedures, to calculate influence coefficients
however, is generaily not necessary in a preliminary design since the support structure geometry
is normally not defined sufficiently to warrant the effort involved.

The iew subroutine allows consideration of flexibility effects without requiring a structural
analysis. The required “A” influence coefficient submatrix can be calculated within the program
for an assumed ring and support geometry. The calculation logic is based on the assumption that
the ring and structure can be replaced by a single euivalent ring with a rectangular cross section
supported by a sinusoidally varying shear load (Ref. 5). The influence coefficients, Aqj, defined
as the radial deflection of th g'" roller location due to a unit load at the j*" location, are then
prescribed by the following formula.

g =2 = | L i = 1 _.1) 1 | B
Aq_)—?;'-— [?(w-¢q)snn¢q+( 6 "'2"¢u+4¢: S 08 ¢q 1] 2xE (42)

84 = radial deflection of the q'" roller location, in.
P, = unit load at the j*" roller location, tbf
q = circumferential location of the q'" roller, rad.

R = radius to the neutral axis of the equivalent rectangular cross section
support structure, in,

E = equivalent Young's modulus of support structure, psi

| effective polar moment of inertia of support structures, in*

It is emphasized that these internally calculated influence coefficients should only be used
in the preliminary design stage. Once the supporting structures are defined, the finite element
analysis should then be used to determine the influence coefficients.

The second subroutine added to the roller optimization module allows for the consideration
of the effect of raceway undercuts on the optimization of the roller flat length and c¢rown radius.
The inner raceway undercuts facilitate machining operations during manufacture and provide a
means of distributing oil to the raceway and guide flange surfaces. The roller must be designed
8o that the contact area “footprint’’ does not extend over the edge formed by the breakout of the
raceway undercut and the raceway surface. If this should occur, stress concentrations would occur
and roller life would be severely reduced.
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4.1.3 incorporation of STATIC into TRIBO 1

The incorporation of the STATIC module inte the overall TRIBO 1 program has been
completed. With this addition, 'TRIBO 1 can now be run in any of the following six modes each
of which are independent of the other:

. STATIC
2. CADYN
3. RODYN
4. SYSDYN
i, STATIC + RODYN
6. STATIC + SYSDYN

This fenture is of particular interest sinee the program now has the capability of running the
STATIC module in canjunction with either RODYN or SYSDYN. This STATIC module provides
the circumferential roller load distribution and details information about the roller-to-raceway
contact area, such as its location with respeet to the roller center of mass, and its variation due
to roller loading. This information is passed to RODYN or SYSDYN and is used by the traction
subroutine to caleulate roller traction forces and moments which affect rolter motion,

4.2 CADYN Program Module

The development of CADYN, the cage dynamics medule, has proceeded as planned. A
series of test cases have been employved in this work that were designed to validate the program
for cage 3.1 motion. A parametric study was also undertaken to assess the effects of both cage
mass and cage and inner ring interfacial shear forces on the 2-1D meotion of the cage.

Three-dimensional cage motion was simulated by modeling the motion of a free gyroscope
which was allowed to rotate in any direction about a fixed point in space. The choice of the free
gyro as a test case allows for the determination of the correctiness of the general svstem dvnamics

without the need to consider the constraints ordinarily arising from interactions of the cage with
the rollers and "he ring lands.

With CADYN, the cage geometry was input such that it represented the rotor of the
gvroscope whose polar axis waa the local z-axis. Thus, the moments of inertia about the local x,
v, and z axes were 1,, = 1, 1, = I, I,, = Ip. The gvroscopic motions about the local, x, v, and z
axes were determined by solving Euler's equations of rotational motion for the special case of zero
external torque. The solution of the resulting differential equations was derived for the special
Eulerian coordinate system within CADYN, in a manner similar to that presented in Rel. 6.

T'he resultant angular velocity components are given as follows;
W, - W, cos (kt) + W, sin (k)

W, = W,, sin (kt) 1+ W,, cos (kt) 4
W, = Constant = Wcosa

where
K = b l ! W,
g+ are tan [ l-l'— tan o ] - angle between the local 2 and inertial z-axes (deg)
we = cage angular velocity about the local x-axis at t — o (rpw)
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weo = cage angular velocity about the loeal y-axis at t = o (rpm)
« = magnitude of the cage angular velocity vector (rpm)
a = angle between the angular velocity vector and the local z-axis (deg)

For this example the assumed initial conditions are as follows:
“w = TOD0 rpm

= 2780

I = 3.0 bin.-sec?

I, = 3.0 Wb-in.-sed?

g - W°

The results of this test case as obtained from CADYN showed excellent agreement with the
exact solutions, as indicated in Table 1.

TABLE 1. CADYN TEST RESULTS

Tome, wy (Ppm) wy (rpm) w, (rpm) 3 (deg)
Munsee  Fxact  CADYN  dxacr  CADYN  Bauei CADYN daaci CADYN
(XU [1X\] (IX\] 40759 46750 ARLOD 88395 10.0 10.0
ne RIR 8] -OLRl 6471 46471 SNROA S8R0 10.0 10.0
11 AT 9407 ANTOR 4T3 ARTOH 8Ren 1.0 HARY]
10.3 A3 SRR 1hd.201 1540 RRROL 883056 10.0 e
SR B2SL S2AR G463 46461 SNILOH  SRLOS 00 1

Much information about the relative influence of certain variables on overall cage dvnamic
behavior can be obtained by performing parametric studies as an integral part of the program
development process. The results of such studies provide data on the computation time
requirements of particular analyses and can assist in the determination of whether the amount of
computer time spent in solving for a given parameter is justified.

Two parametric studies were undertaken using CADYN. In the first study, the eftects of
reduced cage mass on the uncoupled cage motion were observed. The dynamic behavior of & cage
with one fifth the mass of the standard cage was examined over a range of unbalances from 0 to
10 gm-cm. From the resulting plots of cage motion, it was determined that a reduction in cage
mass results in a larger film thickness between the cage and the inner ring land riding surtace over
the range of unbalances considered, as shown in Figure 11.

The second CADYN studv examined the effect of the fluid shear forces, as well as the
hvdrodynamic normal forces, on the cage film thickness. 'T'wo cases were run for comparison. One
case included the effects of shear forces on the cage. the other had the shear forces and moments
suppressed. As seen in Figure 12, the shear forces and moments have a significant effect on the
cage motion and final steady state film thickness, ‘These rexults clearly show that the shear forces
cannot be neglected in the analysis.
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124 mm BREG

N - 24000 RPM
20 C - 0.009 IN.

Q “LIGHT” CAGE = 0.CB3 LA,

15f=

O "HEAVY " CAGE =~ 0415 LB,

MINIMUM FILM
THICKNESS (MICRONS)
s
|

1 A
0 N 1 L 1
0 2 4 |} 8 10

UNBALANCE (GM-CM)

Figure 11, Reducing Cayge Mass Increases Minimum Film Thickness

4.3 RODYN Program Module

RODYN is the subprogram designed to evaluate the dynamic behavior of bearing rollers
when uninfluenced by interactions with the cage. This module contains all roller equations of
motion and all subroutines relating to the determination of forces resulting from interactions
between the rollets and both the inner and outer rings.

Work performed during this reporting period centered primarily on the development of the
additional force and moment subroutines discussed in the following sections. A discussion of
input/output improvements is also included.

43.1 Rolier/Guide Flange and Roller/Cage Siderasil MHydrodynamic Contact Model
Development

The finite element analysis developed to model the hydrodynamic behavior of the lubricant
film between the roller and the guide flange and between the roller end and cage siderail has been
incorporated into the main TRIBO 1 Program.

This analysis, called FERFI, was originunlly created and tested as an independent program
in keeping with the modular concept of ‘T'RIBO 1 development. The inclusion of this program as
a subroutine of TRIBO 1 required the development of additional supporting modules in order to
provide all the necessary input.

A preprocessor, designuted BRKUP, was developed to automantieally assign the finite
element grid to both the guide flange and cage siderail interfaces. The element arrangement, node
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No.'s and node coordinates for each interface are stored internally within the program, based
upon usel input geametry. A typical breakup is shown for the guide flange, Figure 13, and for the
cage, Figure 14,

An accurate description of the local roller velocity relative to the guide flange and the cage
is also required as input to FERFL, The relative velocity at each nede in the breakup has to he
defined in terme of its radial, tangential and axial componenta as identified in Figure 15, These
velocities are calculated in another module, ROLYEL. The ROLVEL subroutine is called at every
‘time step-in-order-to-provide- FERFI-with-the most up-to-date information.

Description of the interface is completed by calculating the film thickneas diatribution
between the interacting surfaces in subroutine ROLSEP. ‘The filin thickness distribution within
the roller/guide flange interface, as represented in Figure 16 is affected by roller axial translation,
roller skew and guide flange lavback angle. The roller/cage siderail interface film thickness
diatribution is & function of both cage and roller axial translation and skew. The filin thicknesses
(separation distances) at each node are calculated as a function of these variables at each time
step. A description of the actual calculations used in FERFI was given in Section V.C.3 of the first
interim report.

A variety of test caves were prepared in order to confirm the proper tunction of the FERFI
module and its associated support modules within TRIBO 1. One of these test cases, presented
below, calculates the pressure distribution over a tlat circular surface as it normally approaches
a plane wall at a constant velocity. This example was chosen because a closed form solution is
available (Ref. 7) for this monotonic squeeze film problem by direct integration of the Reynold's
equation. The geometry and operating conditions used in this model test case are as tollows:

Radius of the ecircular pad, r. = 1.0in,
[nstantaneous film thickness, h = 0.001 in.

Approach velocity, h = 10.0 in./sec
Lubricant viscosity, Bz 48 X 10 —“—:;;:—‘3-

As i indicated in ‘T'able 2, excellent agreement for the hvdrodynamic pressure distribution
was obtained between the finite element method and the exact solution.

4.3.2 Force and Moment Due 1o Roller Unbalance

The analysis of the forces resulting from roller unbalance was derived in a manner similar
to that used in the cage unbalance analysis. Ag indicated in the first interim report, the
expression for this unbalance force, ¥y, due to the i** unbalance mass, in the k'™ roller is given

P -y R
t‘rk\mhr\l - ‘I—I‘ ny dt? 1)

where

ARy d'Ra

—— et —

d? i T + ‘irk N e Q’ru N (Q‘u-u X ‘;rn\) (4
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Figure 15. The Calculaton of the Hydrodynamic Forces on the ftoller Requires a Knowledge of
the Components of the Velocity Vector at Each Node in the Finite Element Breahup
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N
dt?

= M - Ra ) Ly + (R 0+ 2Ru) 1, +7 K (46)

P = number of unbalance masses in the roller

and the position vectors R,, and , i a8 shown in Figure 17, represent the location of the kth roller
center in the vertical frame, and the location of the j** unblanace mass with respect to the roller

" center. 7 ) o o o T e

The out-of-plane motion of the roller is then affected by the unbalance moment created by
the cross-product of the position vector, ry),, anc the unbalance force, ¥y, | .\ as given below
M"‘uuhn! = l:’ w X F"“umml (amn

‘The calculation of this moment is of great interest sincee it is telt that the component of this
unblance moment about the roller radial axis is one of the primary causes of roller skewing.

4.3.3 Skewing Moment Induced by an Asymmetric EMD Traction Distribution

The introduction of shatt misalignment results in roller “footprints™, i.e, roller contact arcas
on the inner and outer raceway sirfaces, which are nonsvmmetrical with respeet to the roller
circumferentinl axis. When this situation oceurs, the caleulated KHD traction foree is displaced
from its axial position at the middle of the roller length to a location where the contact moment
about a circumferential axis through that point would be zero, (See Figure 18), This new point,
o, is calcuiated based upon information obtained {rom STATIC concerning the total roller
conteet load und the contact moment about the cireumferential axis through the middle of the
roller length.

Thus, for the i*" raeway surface on the k-* roller;

F = (48)
Pu

i = 1 outer raceway
2 inner raceway

M.. = contact mement (in_-tht)

Py = contact load (1bf)

After calculating all of these moment arms, a curve is fit through the plot of their
magnitudes for the inner and outer surfuces as a function of circumferential location, . 'This
procedure enables the program to obtain values for the moment arm, in a manner similar to that
used for the traction force, for each rolier ns it travels around the raeway surfaces. The skewing
moment for each roller is then ealculated to be the sum of the products of the moment arm and
ity associnted traction force on the inner and outer raceway surtaces,

3
Sk = L {r‘lk RN l"nu) (49)
[ |




TABLE 2, FERF1 TEST RESULTS

Pressure  Pressure
Radiaé Location (Exact) FERFI

(rirg) (psi) (psi) ‘%t Error
0.0 13,800 13.900 1.3
0.16 13,400 13,470 0.1
0.3626 11.987 11.610 31
0.6375 8,192 8,139 0.6
0.8500 3,830 3,866 0.9
0.0

1.0 0.0 0.0

¥ UNBALANCE

m.
|

Figure 17. Coordinate Svstem Used to Locate Roller Unbalance
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Figure 18. The Traction Force, Fy, Is Applied at an Axial Dosition, 7, Located at the Center of
Pressure of the Contact Ellipse

4.3.4 RODYN 1/0 improvements

Several new input and output features have been incorporated in RODYN, the roller
dynamics program. ‘This work was done to improve convenience tor the user in the set-up and
running of the deck. New output routines were also developed to highlight the most important of
the various output data generated by the many analyses within the program. Both sets of
improvements combine to provide an incrense in overall cost effectiveness of the program by
reducing the probability for error and reducing the time required for interpretation on the part of
the user.

There were three areas of improvement in the input section. The first consisted of the
establivshment of roller sets. Each input roller set containg any number of identical rollers within
the complement, the rollers in the set heing identified by their position with respect to roller
No. 1 at the 3 o’clock position. The rollers in the last set need not be identified since the program
assigns all previously undefined rollers to this set. This feature is especially useful when there is
only 1 roller in the complement which is different than the others. That one roller is identified by
number in the first set, while the remaining rollers are automatically assigned within the second
set.

The second improvement that was made concerned the initial conditions imposed on each
of the rollers. Default values for the position of the center of mass, angular crientation, translation
velocities, and angular velocities have been internally set for each roller. The default value is thai
quantity assigned automatically to the subject parameter by the program if the user does not care
to make an independent asgignation. Each roller is positioned at the piteh radiug, evenly spaced

J4




around the circumference and centered midway hetween the- inner ring guide flanges. The
angular orientation is set such that the rolier local z-axis or polar axis is in the same direction as
the inertial Z axis, i.e. no skewing initially exists. The orbital velocity of the center of the roller,
n, is initially set equal to the no-slip orbital speed. Similarly, the angular velocity of the roller
about its own center is also set according to the no-slip condition, Finally, the initial orientation
of the roller is set such that the local x axis is colinear with a line drawn from the center of the
bearing through the center of the roller as depicted in Figure 19. This is accomplished by fixing
the roller’s Euler angle ¢ equal to the roller’s inertial angular position 5. The benefit derived from
doing this is to make it easier 10 interpret the roller output data.

o Il ,k;Y, :;Y ;,L,;,ﬁyio __d ;f,,;' o kthHOELER LTIl

X
[

ROLLER NO. 1

Figure 19. The Local x-Axis of the k " Roller Is Oriented Such That Its Euler Angle ¢ is Equal
to the Roller's Angular Location nx Within the Complement

The last new input feature incorporated in the RODYN odule provides the user with the
option of suppressing any of the individual force routines in the program. Thus, if it becomes
evident that for a varticular application, one of the forces plays an insignificant role in the
determination of the roller motion, that calculation may then be eliminated for subsequent,
similar runs, This option provides the user a corresponding savings in computer run time.

The RODYN output format has also been revised so that the most important of the
calculated data can be highlighted. This work has been accomplished in both the print and plot
routines. In the output printout, the user now has the capability of eliminating output data for
any number of rollers, thereby focusing attention on information pertaining to only a particular
number of rollers. In addition, the type of data printed for those rollers can be shortened
considerably by selecting only certain types of output data. This is done by setting up groupings
of various output data. Each numbered group, containing a set of output parameters, is
assembled in a table and presented to the user at input. The user then selects any number of
output data groups, according to his needs. In a similar manner, output plots of particular
parameters may be selected at input by the user.
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4.4 SYSOYN Program Module

Modeling the dyvnamic behavior of the complete roller bearing syvstem is accomplished
within TRIBO 1 by activation of the SYSDYN program module. SYSDYN utilizes the CADYN
and RODYN analyses in combination with additional subroutines designed to account for the
interactions that occur betwen rollers and cage. The forces and moments imposed on the rollers
due to the cage and vice versa are transmitted through the interfaces at the circumferential cage
web and the cage siderail. Forces and moments developed at these interfaces arise from either
hydrodynamic pressure generated in the interposed lubricant film or through actual metal-to-
metal impact. The development of the roller-cage web impact model was discussed previously in
this report in Section 3.2. 'The roller-cage web hydrodvnamic contact model was described in the
first interim report in Section V.C.2,

Three-dimensional roller and cage motion as predicted by SYSDYN can be very complex.
Simplification of the 3-1) coupled system by restricting motion to two dimensions is valuable for
the purpose of confirming the basic program logic and analyses, and efforts on the develapment
of the SYSDYN module have been primarily directed towards this end. Expansion of the model
to include 3-D motion is proceeding as well, contingent upon successful completion of the 2-D
program validation tests. A number of general improvements have also been made to the
SYSDYN module to upgrade efficiency and enhance user convenience.

One of these improvements is that the overall input format was broken down into several
separate components based upon the combination of sub-programs to be run eg. STATIC,
STATIC plus SYSDYN, SYSDYN alone, ete. Each of these component input formats is now a
separate entity, identified by a single flag on the first input card, and reflecting only that
information required as input to run the specitic subprogram desired. In addition, several other
convenience items, such as the capability of inputting cage angular velocities in the cage loeal
frame, as opposed to the inertial trame, were built into the deck.

Interpretation of program output has also been greatly improved by the development of an
expanded plotting routine for SYSDYN. The new plotting package can be requested in its
entirety or on an individual plot-by-plot basis by the user. Plots include cage angular velocity
relative to the non-slip condition, roller circumferential displacement within the cage pocket,
roller orbital velocity relative to the non-slip condition, roller circumferential forces, and rotler
skew angle.

Another significant improvement was made concerning the reorganization of the data base
generated by the program. It has been estimated that, due to the increasing size and complexity
of the program, two million bytes of computer core storage would be required to analyze a typical
bearing with thirty rollers. Since overall computer svstem efficiency is increased when core
requirements are reduced, an effort was made to improve the program’s data processing
procedures. By removing trom core those data that specifically pertain to outpat printing and
plotting and holding them on a separate storage disk, the program is now capabie of analyzing a
bearing with thirty roller elements using only one half the storage previously needed.

The first coupled system dynamics case chosen to test SYSDYN was run successfully, This
model case corresponded to a non-prelonded roller bearing and employed four equally spaced
tollers. Using four rollers instead of a full complement allows computer run times to e minimized
tor the test case.

The system was constrained to operate with two-dimensional motion and was subjected to

an externally applied radial load of 1500 b at 3 MDN. The test case, which was run for 50

williseconds of real time, encompassed 9 complete roller orbits or the equivalent of § complete

rotations of the cage. The total CPU time required tor running this case was approximately
2 minutes,
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One of the output items from this test case identifies the effects of the roller interaction
forces on the cage motion during transient motion of the svstem which is diagramalically
represented in Figure 20, For com parative purposes, Figure 21 shows the motion of the cage under
cimilar conditions, but uncoupled from the effects of the rollers. obtained from a CADYN run for
used in the subject SYSDYN test case. The influence of the four rollers on the
displacement of the cage i« manifested as a more random motion of cage center of gravity within
the clearance cirele. Note that since the cage C.G. stays within the clearance circle, roller
re not sufficiently severe o canse the cage hore to contact the inner ring lands.

the same cage
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Figure 20. 2-D SYSDYN Shows No Cage Land Contact When Rollers Interact With Cage
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Figure 21. CADYN Shows Motion of Cage Unaffected by Rollers

Figure 22 shows the force history for a typical roller as a tunction of time. The traction and
cage web hydrodvnamic forces are seen to be a maximum as the roller passes through the load
zone as might be expected. Although no actual roller/cage metallic impacts occurred during the
run, as shown in Figure 23, the cyclical nature of the circumterential roller motion within the cage
pocket is quite evident. While no definite conclusions can be drawn from the results of this test
case due to its simplicity, it is felt that the general trends predicted by SYSDYN are compatible
with the physically reasonable dynamic behavior of a real bearing.
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1
& 5. FUTURE WORK
- Woark during the next interim reporting period will focus om the following areas:

1. Continued refinement of analytical models

2. Continued analvtical verification of SYSDYN madule in the 3-1) mode
1 Continued TRIBO 1 correlation with test data

1. Preparation of design manual.




6. PARAMETRIC AND VERIFICATION TESTING — TASK II
6.1. Summary of Previous Progress

The experimental progress made under Task 11 of the Contract tor the period 1 October 1975
to | April 1977 is deseribed in detail in Reference 8. For the sake of completeness & summary of
the work accomplished under Task II during that period is presented here.

6.1.¢ Parameler Selection and Bearing Design

A total of 30 separate variables that can influence roller skew and skid were identitied.
These variables were then divided into three categories. Category I included 14 variables
considered to have the greatest direct influence on rotler end wear. Category I was composed of
eight variables considered to have less direct impact on roller wear, and Category III was
composed of eight variables judged to have the least direct effect. Two groups of bearings were
designed in order to evaluate some of the roller bearing variables from Categories I and Il using
statistical design experiment techniques.

The basic roller bearing selected for the design of the parametric bearings is shown in
Figure 24. This bearing has a bore diameter of 124.3 mmn and is used in the No. 5 position of the
TF30 muodel production engine.

The first group of bearings. designated as Group-N. were designed for evaluation under
Task II. Eight designs were prepared incorporating seven parameters selected from Category 1.
Two levels of variations were selected for cach parameter. The parameters selected for test and
the actual levels of variation for each of the bearing designs are shown in Figure 25, A total of 10
bearings were manufactured for test. one each of the eight designs and duplicates of No."s 7 and
8 to provide hardware for repeat testing.

The second group of bearings, designated as Group-AF, were designed for evaluation under
Task V1. Five test bearings were designed. Figure 26, incorporating four parameters selected from
Category I1. As with the Group-N benring designs, two levels of variation were selected for each
parameter. The actual levels of the parameter varintion are presented in Figure 26. A total of six
Group-AF bearings were procured, one each of the five designs and a duplicate of bearing No, 22
for repeat testing.

6.1.2 Pretest Inspection and Preparation

For each of the Group-N and Group-AF bearings. detailed dimensional measurements of the
bearing components were made and recorded by the manufacturer. This was done to ensure tight
quality control as would be required by any statistically planned program and to provide
reference data useful to the post-test analysis of the experimental! results. A summary of these
inspection results is provided in Tables 3 and 4 with the average measurements shown vhere
possible.

Following this inspection work the Group-N bearings were prepared for test. Each outer ring
was instrumented with a strain gage to permit easurement of roller pass frequency during
dynamic testing in order to determine whether or not the roller clements were skidding. Alse, the
end faces of every other roller element were copper tlashed for the purpose of highlighting any end
wear that may oceur during testing. In addition, each roller was weighed and measured for static
skew angle of turn allowed by the combination of end clearance and the inner ring guide flange
geometry. Repeating the weighing after test permits a determination of the amount of roller mass
loss attributable to end wear. Repenting the skew angle measurement after test permits an
assessment of the combined effect of the wear of both the roller and the guide flanges. ‘T'he pretest
roller weight and static skew angle measurements for the Group-N beerings are found in Table 5.
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N B/l 21 22 23 24 25 26
Bearing Asaembly
Cage Clearance, in. 0.M76  0.0172  0.0172  0.170  0.0182 0.073 0.0167
7 Roller End Clearance, in. 0.0012  0.0010  0.0005  0.00105 0.00105 00012 0.00115
H Internal Radial Clearance (Unmounted). in. 0.0040  0.0041  0.0045 00046  0.0041 00044  0.0042
-z - -Rollors - S - e o -
- = Lenyth, in. 0.51175 0.61068 0.51164 0.51187 0.51194 0.51067 0.51196
=z Dianmeter, in. 0.51166 0.51080 0.61182 0.£1183 051187 051085 051181
- : Surfuce Finish (AA), uin. — 2.75 2.25 2.25 2.25 3.0 2.26
Corner Radius R.O., in. 0.001 0.000175 0.0002  0.000175 0.000190 0.000175 0.0002
Crown Radius, in. 24 30 30 3 30 30 30
Cylinder Length, in. 0,209 0.2666  0.336 0.3356 0327 0.276 0.326
Cylinder Flatness, uin. -— 24 22 24 18 27 22
— Cylinder Off-Set, in. a0 0.004 0.008 0.007 0.00556  0.010 0.0045
Crown Profile R.O.. uin. — - - — - - -
Fnd Squareneas, uin. 120 70 70 70 ™ 80 K
Crown Drop, in, 0.00085 0.00057  0.00018 0.00020 0.00015 0.0005  0.00020
Hardness (R,) H0 min 61.5 63.0 63.5 631.5 61.5 62.H
- Outer Ring
OD Max, in. 6.7661  6.7668  6.7658  6.700B  6.7562  6.7566  6.7562
OD Min, in. 6.7350 57353 6.7353  6.7349  6.7353  6.7384  6.7353
QD Avg, in. 6.7466 6.74566  6.7456 6.74H4  6.7468 67460 6.7408
10, in. 64246 6.4240 6.4249 64247 64247  6.4247  6.4248
Eecontricity, gin, 2h 26 a8 10 18 25 18
1) Flatneas, uin. 16 19.5 24 12 20 6 30
Surface Finish (AA), uin. 4.0 a.5 4.0 4.0 40 3.0 48
Hardneas (R) 62,0 63.5 $53.0 63.0 6.0 3.0 63.0
Inner Ring
Bore Diameter 48936 48937 48937 4.8937 48037 48936  4.8937
oD Overall, in. H.O7TY 56769 B.ETTY  H6TT? HOTTY  BETTY  HETT
= 0D Roller Path, in. 5.3966  5.3981  5.3860  5.309567 53962 53080 51063
Roller Path Eccentricity, uin. 18 18 i8 20 20 18 18
Roller Path Taper, deg-min 0-0 0-0 0-0 0-0 0-0 0-0 0-0
Guide Flange Angle, deg-min 0.6 0-7.16  0-50.4 0556  0-0.01  0.52.3  0-49.2
) suide Flange Finish (AA), gin. 4.9 15 6.5 7.0 7.0 8.9 6.5
- Roller Path Finish (AA), uin. 3.0 RN 2.5 RE: 3.0 3.5 3.5
B Hardness (R)) 63.0 64.0 62.0 62.0 62.5 63.0 63.0
Chage
ID. in. 5.6977 58976 H.69T4 H.6UBE  H.6UBH 56976 5H.BITI
- Pocket Squarenens, gin. 450 R 110 310 150 510 410
Pocket Parallelisam, in, 00011 0.001 0.0019 0,001 00013 0.0M3  0.0021
Unbalance, gram.-centimeter 1.32 2,59 1.28 1.20 1.35 2.40 1.20
Hardnesa (R, 33.0 33.0 RIX\ 3.0 34.0 3.0 J0.0

TABLE 4.

GROUP-AF BEARINGS-MANUFACTURING INSPECTION DATA

Bearing Number

TABLE 5. GROUP-N BEARINGS — PRETEST
WEAR RELATED MEASUREMENTS

Avy Roller Weight Avg Skew Angle

Bearing ((rams) . (Minutes)
No. Unflushed — Flashed  Unflashed Flashed
Baseline - 133875 -
t 13.2457 13.2474 14,494 15,29
2 11,2018 13,2024 11.95 1179
K] 132417 18,2377 14.19 14.19
4 11,2755 13.2736 3.7 1362
b 13,2768 13,43 13,76
6 12411 14.98 14.22
7 13,2866 108 10,87
8 1246 L2486 14.47 1459
9 [ RIS 11,2938 [RRTH [RE5
10 L0 [RIRR1Y) 15,10 1478
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Other pre-test work included in-house inspection measurements which were made and
recorded during the process of installing each of the bearings in the test rig. These measurements
included the fits of both the inner ring on the shaft and the outer ring in the support housing, the
installed internal radial clearance of the test bearing, and the axial misalignment of the installed
outer ring.

6.1.3 Experimental Program Plan

A 10-hour test program to be followed during the rig evaluation of each of the parametric
hearings was prepared. The program, see Table 6, was designed to generate both calibration and

-endurance test-data-for'each-of the-statistically-designed -bearings:-At-the completion-of each-10---- - -

hour test, the experimental data is reduced in order to obtain the following bearing performance
parameters: L )

Heat generation

Horsepower and torque

Roller skid - - - -
Inner and outer ring thermal stability
Outer to inner ring thermal gradient

Axial and circumferential thermal gradients

TABLE 6. CALIBRATION AND ENDURANCE TEST PROGRAM

Supply 0il Flow Applied
(1b/inin) Beari
tUnder Each Side Load, Bearing DN/Test Point No.  Tee
Race Jet* Total (1d) 1.0 20 25 275 29 30 (hr)
Calibeation 250 1 4 7 W 18
10 5 20 225 500 2 5 8 11 14 17 3
1000 3 6 9 12 15 18
B 13 225 500 19 20 21 22 23 A 1
1 29 276 500 26 27 28 29 30 1

Steady State Endurance
Group-N Sorll d4or9 13or29 225 500 Endurance at 3 MDN
Group-AF 10 5 20

Cyclie Speed
Group-N Hor 1l 4dor9 13or29 225 p 2.0 3= 2768 MDN Accela-Decels
(iroup-AF 10 5 20

*1'wo jets, one directed st each side of bearing.

In addition, each roller element is weighed and alsc measured for the static angle of turn
that is allowed within the inner ring guide flanges. Using the pretest and post-test measurements,
roller wear as determined bv weight loss. and roller and guide tlange wear as determined by
change in static skew angle is determined. Using statistical regression analysis techniques, the
bearing parameters within each group of bearings is then ranked on the basis of roller element
wear.

6.1.4 Baseline Bearing Test

Baseline experimental data was obtained on a 124.3 mm bearing which was similar to the
TF-30 No. 5 position design for comparative use when analyzing the parametric test results. The
bearing was rig evaluated in accordance with the 10-hour parametric test program as outlined in
Table 6. A detailed tabulation of the pretest, test and post-test inspection results are presented
in Reference 8,
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6.1.5 Group-N Bearing Tests

As previously reported, parametric testing was completed on four of the ten Group-N
bearings. The bearings tested are those identified in Figure 25 as No's. 7, 9, 6 and 2. Stable
operation was noted on each bearing except No. 6 which failed during the calibration portion of
the 10-hour program. A wide range of wear was observed during the testing of these four hearings.
In general, similar thermal and power consumption results were obtained for each bearing.
Although bearing No. 6 failed after only 1.58 hours of test and exhibited heavy eccentric roller end
wear, the performance curves reveanled no unusual thermal behavior. Bearing No. 6, whick was
the.only unpreloaded bearing tested in this group, exhibited continuous skidding over the speed
range of 1.0 MDN and no skidding at the 2.75:MDN: level. No significant element skidding was
apparent for either of the other three preloaded bearings or the preloaded baseline design. As
shown in Figure 25, bearing No. 6 was the only bearing of the group tested that contained ru ller
elements with a high ievel of coupled roller end radius runout. ‘This coupled runout is tantamount
to roller dynamic unbalance which is a prime cause of roller skewing. In the case of bearing No,
6, the_skewing resulted in roller end_wear of such an extent that a number of the rollers turned
90° in the raceway and resulted in the cage fracturing into several pieces.

6.2 Group-N Bearing Parametric Tests

During the current reporiing period, testing was completed on five of the remaining six
Group-N parametric bearings. The bearings tested were those identified in Figure 25 as No's. 4,
5,1, 3, and 8. Stable operation was observed with bearings No's. 4 and 5. 'The remaining bearings
failed during the calibration phase of the 10-hour program. As in the case of bearing No. 6 which
had tailed previously, bearings No's, 1, 3, and 8 also contained rollers with a high level of coupled
roller end radius runout or unbalance as noted in Figure 25. Bearing No. 10, the remaining
bearing from Group-N will be tested at a later date but not before the rollers are replaced. This
repeat bearing, similar in design to bearing No. 8 which is one of those that failed in previous
testing, presently contains roller elements with a high level of corner radius runout. Thus, a
failure of similar severity would be expected to occur if this bearing were tested as is. Such a test
is considered to be of little value to this program. As a result, bearing No. 10 is now being re-fitted
with a new set of rollers that contain a minimum level of corner radius runout. 'This roller set will
also feature a tighter tolerance on flat centrality which, when tested, will provide end wear data
that will allow separation of the effects of this parameter from that of roller end radius runout.

6.2.1 Pretest inspection and Preparation

Detailed dimensional measurements of the five Group-N bearings tested during this report
period are provided in Table 3. In addition, the pretest roller weight and static skew angle
measurements are shown in Table 5. Preparation of the bearings for test, including the strain
gauging of the outer rings in order to provide roller pass frequency measurements and the copper
flashing of elternate rollers for the purpose of highlighting end wear, was completed earlier as
reported in Reference 8. Inspection measurements were made and recorded during installation of
the parametric bearings into the test rig. These measurements included the fits of the inner ring
on the shaft and the outer ring in the support housing, the installed internal radial clearance of
the test bearing and the axial misalighment of the installed outer ring.

The measurements recorded for the five Group-N bearings that were tested curing this
report period are shown in Table 7.




TABLE 7. GROUP.N BEARINGS - PRETEST RIG RELATED IN.
SPECTION MEASUREMENTS

Bvaring Numbers

4 3 1 3 N
hner Ring/shatt Fit, in. Q00121 0.0 0.0012T 0.0 o002t
Internal Radial Clearance Installed, in. 0.0026 0009 0.0037 0003 00088
Outer Ring/Housing Fit, in. O.00061. 000061,  0.00001, 000051,  O.0008.
Outer Ring Misalignment, deg 0.487 0 0 0.487 0,487

- 8.2.2---Experimental-Evaluation of Bearing No. 4

'The first Group-N bearing tested was bearing No. 4 and, as shown in Figure 25, this design
was not preloaded. At assembly the outer ring axial misalignment was adjusted to 0.487 degrees.
Testing proceeded following the program outlined in Table 6. Roiler pass frequency meas-
urements indicated that roller skid was occurring in the speed range of 1.0 to 2.5 MDN. At speeds
of 2.75 MDN and higher, the rollers did not skid, as indicated by the frequency measurements.
The magnitude of the skid, see Figure 27, was the greatest at 20 MDN, with the maximum
amount of skidding occurring at the lowest applied radial load. After completing the calibration
portion of the program, the test was interrupted to inspect the bearing. Each roller was found to
exhibit some light concentric wear on both ends, but no eccentric wear was in evidence. No skid
damage to the bearing components was visible. The rollers were then weighed and their static
skew angles measured. There was no significant change in the weight or skew angles based on pre-
test measurements. The bearing was reinstalled in the rig and the steady state endurance and
cvelic portions of the program were completed. Total oil flow to the bearing was metered at 25.6
/min. during the endurance testing.
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Figure 27. Test of Group-N Bearing No. 4 Shows Increased Skid as Load I3
Decreased but With No Skid at Any Load Beyond 2.75 MDN
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Stable operation was noted throughout the steady state endurance testing. Post-test
inspection revealed all of the bearing components to be in good condition as shown in Figure 28.
No distress or unusual wear of the components was noted. All of the rollers were found to be free
of eccentric wear. However, thev did exhibit the same light concentric rubbing patterns on both
ends as was noed previously after the first 5 hours of calibration testing. Roller weight
weasurements indicated a weight loss of 0,002 grams for both the tlashed and unflashed rollers.
The static skew angle increased an average of 0° 1.73 for the fiashed rollers, and an average of 0°
1.67° for the unflashed rollers.

623 Exb;ﬂn'vionta'l Evaluation 6f Bearing ~°.,,5

‘The next bearing tested was No. 5, As shown in Figure 25, this design did not provide for
roller element preloading but did feature a high level of inner raceway axial taper. The bearing
was installed in the test rig with zero outer ring misalignment, and completed the 10-hour
program without interruption. Roller pass frequency measurements indicated that roller skid was
occurring in the speed range of 1.0 to 2.5 MDN, as was also noted with bearing No. 4. Again, roller
skidding was absent at speeds of 2.75 MDN or above. The skid map, Figure 29, shows the
magnitude of skid again to be greatest at 2,0 MDN, with the maximum amount of skidding
occurring at the lowest applied load. Stable operation was noted throughout the steady state and
evelic speed endurance testing which was conducted at a total bearing oil flow of 12.3 Ib/min.
Post -test inspection revealed all of the bearing components to be in good condition as depicted in
Figure 30, No significant distress or unusual wear of the components was noted. All of the rollers
were free of eccentric end wear, however, they did exhibit light concentric wear on one end. This
wear was most likely due to the 0° 3.25" inner raceway axial taper and the reduced oil flow of 12.3
1b/min during the steady state endurance testing. Roller weight measurements indicated a weight
loss of only 0.0001 grams for both the flashed and unflashed rollers. The static skew angle
increased an average of 0° 1,40 for the flashed rollers. and an average of 0° 1.84" far the unflashed
rollers.

6.24 Experimental Evaluation of Bearing No. 1

The next bearing design tested was No. 1. As shown in Figure 25 this design is preloaded and
Table 3 indicates that the maximum coupled roller end radius runout was determined to be an
average 0.0037 inch. The bearing was installed in the rig without outer ring misaligment and
testing was initiated in accordance with the 10-hour parametric program. Bearing performance
was st able from the onset, but while running at point No. 9. 2.6 MDN and 1000 b radial load, the
hearing failed without warning. Total test time at failure was only 1.43 hours. During removal of
the bearing from the test rig it was noted that the cage siderails were broken at one of the roller
pockets. This allowed the siderails to flare out locally causing a groove to be machined into the
outer raceway. Also, severe eccentric wear was noted on all of the roller ends. A photograph of the
cage failure and several of the worn rollers is shown in Figure 31. Post-test measurements
indicated the average weight loss of all rollers to be 0.03.49 grams with the roller static skew angle
increasing an average of 1° 13.59'. )

625 Experimental Evaluation of Bearing No. 3

The fourth-Group-N bearing tested was bearing No. 3. As shown in Figure 25, this design
did not provide for roller preloading. but did include a high level of inner raceway axial taper. The
average coupled roller end radius runout was determined to be (.00335 inch, see Table 3. At rig
assembly, the outer ring was installed with the axial misalignment adjusted to an angle of 0.487°.
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Teating was initinted in accordance with the standard 10-hour program. From the encet, rolley
pass frequency measurements indicated that roller skid was occurring over the speed range of 1.0
to 2.5 MDN, as was alao the cane for the previously teated hearinga No. 4 and 5. No skidding
occurred at apeeds of 2.76 MDN and above which had also been observed for hearings No, 4 and
5. The magnitude of skid was again aeen to be the greatest at 2.0 MDN, with the maximum
amount of skidding occurring with the loweat load. After completing point No. 9 in the schedule,
the test was interrupted for inspection of the bearing. Total test time at this point was only 1.5
houes, Creacent or eccentric end wear was evident on both ends of all rollers as typified by the two
trollers shown in Figure 32. The bearing was reinstalled in the rig and the test program was
continued from point No. 10, While running at 2.6 MDN, point No. 21, the bearing failed without

" warning. The total test time at failure was 3.53 hours, During removal of the bearing from the rig

it was noted that the cage siderails were broken and a section of one rail was separated from the
remainder of the cage as shown in Figure 33, Eccentric end wear had progressed to the point
where many of the rollers exhibited conical end shapes. Post-test measurenents showed the
average roller weight loss to be 0,0267 grams and the roller static skew angle increase to be un
average of 1° 7.5,

6.2.6 Experimental Evaluation of Bearing No. 8

The last Group-N bearing design tested was bearing No. & which is described in Figurve 25.
This design included roller preloading and a high level of inner raceway axial taper. From Table
3 it can be seen that the coupled roller end radiug runout for thia bearing averaged 0.0017 inch.
Bearing No. 8 was inatalled in the rig with the outer ring axinlly misaligned 0.478°. ‘Testing
followed the program outlined in I'able 6 with stable performance observed throughout the first
18 test points. After completing point No. 18, at which time 3.0 hours of testing were completed,
the test bearing was removed from the rig for inspection as planned. As shown in Figure 34 it was
discovered that a cage section had broken and separated from the remainder of the cage as n
result of roller skewing. All rolieis showec severe end wear, with the heaviest wear exhibited on
the roller located in the pocket with the failed cross piece. Post-test measurements showed the
average roller weight loss to be 0,0233 grams while roller static skew angle was shown o have
increased an average of 1° 2.1,

6.3 Summary of Group-N Bearing Tests

A summary of the wear results obtained on the Groap-N bearings tested thus far is shown
in "T'able 8. 'The average values of both roller weight loss and static skew gugle change for buils the
flashed and unflashed rollers are presented for each bearing.

Of the five bearings tested during this report period, three of the bearings, No.'s 3, 4 aud 5,
were designed without roller preload, as shown in Figure 256, Each of these bearings exhibited
roller skid in the apeed range of 1.0 to 2.5 MDN. nowever, no skidding was noted in the speed
range of 2.76 to 3.0 MDN. No dietress or damage was observed from the operation of these

bearings under skidding conditions.

Of the eight Group-N bearing designa tested, four contained rollers with a high level of
coupled roller end radius ranout or roller unbalance. ‘The four bearings, No's. 1, 3, 6 and 8, each
experienced a cage failure which was judged to be the resuit of high roller skewing forces « rested
by the unbalanced rollers. The four bearings that were designed with rollers having a low level of
coupled corner radius runout successfully completed the 10-hour parametric program with a
minimum of roller weight loss and static skew angle change.
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TABLE &, ROLLER WEIGHT AND SKEW ANGLE WEAR DATA FOR GROUP.N
BEARINGS
Average Weirht Luss, Gramy Average Skew Angle Increase
Hearing No. Flashed  Unflashed Al Rollers Flashed Unflashed All Rollers Remarks
Raseline 0.0 (LA
! 0.0:349 00280 (0.0:349 I deg U144 min. Udeg U4 min. | deg 1359 min.  Failed
2 0.0001 0.0001 0,0001 O der L min, Odeg LA2min. 0deg 1.20 min.
1 0.035) 0.0180 0.0267 I deg 1653 min. O aep AR min.  Ldeg 746 min,  Failed
1 Q4002 0.40N2 (LK Odeg L73min. Odeg 167 min. Odeg 1.70 min,
o IXLLY] 00001 1001 O deg L4 min. Odeg 1848 min. O deg 1,62 min.
i 16145 17532 1.6818 Failed
B 0.0005 b} 00003 Odep 098 min, Vdeg Laimin, Odeg 1,26 min,
8 0.0087 00178 (L0233 | dep 2987 min. | deg 2038 min. | deg 25.12 min.  Failed
9 0.0010 0.004 0.0007  Odeg 2.04 min. Odeg 1.6d min, Odeg 1.79 min.

6.4 Statistical Analysis of Group-N Wear Results

The statistical analysis of the Group-N tes! data was completed for the purpose of
determining the effects of both the changes in certain bearing geometry factors and certain
tolerances on bearing wear, life, roller weight loss. and roller skew angle change. Regression and
correlation analysis of the results were utilized to rank the important bearing parameters
affecting each output response. Tae Group-N testing included the evaluation of seven
independent bearing variables which are identified as follows:

VAR | — Preload

VAR 2 - Roller corner radius runout

VAR 3 — Roller end circular runout

VAR 4 — Inner raceway taper

VAR 5 — Roller flat offset

VAR 6 -~ Outer Ring Angular Misalignment
VAR 7 ~~ Lubrication

® & 08 00

The above factors were considered the controlled veriables of the test program and were
varied as shown in Figure 258, Two levels for each variable were preselected and represent the
range of possible extremes expected or allowed by the manufacturing or design process. A total
ol eight bearing designs containing the seven controtled variables were defined which would allow
the linear contribution of each vuriable on Learing life to be examined statistically.

The main parameters affecting roller bearing life in this program are considered to be
average roller weight loss and static skew angle change per hour of testing. Therefore, these two
variahles, considered as dependent in the statistical analysis of the test data, are expressed as
follows:

Y. In ( Average Weight Change )
" Test Hours

Y. In ( Average Skew Angle Change )
» Test Hours

The natural logarithm (In) of the outputs, Y, and Y,. was used in order to reduce the impact
of extreme data points on the results of the analysis. Multiple regression equations were
developed from the data by the method of least squares. Each equatien vields the mean value of




one of the dependent variables. The equations therefore yield expected performance of a roller
bearing under stated conditions. Prior to the development of the actual regression equations, a
mathematical model was in each instance formulated relating the independent variables to the
dependent variable. The general form of the mathematical model is a multivariate polynomial in
which the coefficients appear linearly. The terms in each model are candidates for inclusion in the
fitted regression equation.

The general model takes the form:
Y = bX, +bX, .. +byXy +te= 9 +e

where Y is the observed value of a particular dependent variable, either Y, or Y,, Q is the
corresponding value of the dependent variable computed from the expression involving the X's
and the b’s, where the X's are the values of the independent variables, the b's are the coefficients
io be estimated from the experimental data, and e represents the differences between ohserved
and computed values of the dependent variabie due to residual variation or experimental error in
the observations.

The data set appropriate for each model was computer analvzed to determine the values of
the regression coefficients and other relevant statistics. The regression models determined for
cach dependent variable, Y, and Y,. are shown in Tables 9 and 10. The information presented
includes:

e Variable name

o COEFFICIENTS: calculated values of regression coefficients, b,

e (CONIEF BAND: Confidence Band caleulated as a function of { Table value tor
a given level of confidence. b, and 8,

o STD ERR: Stand error coefficient, Sy,

o I-VALUE: calculated t value which is b/S,,

TABLE 9. GROUP-N BEARINGS - ROLLER WEIGHT
CHANGE

Multivariate Lincar Regression

Coefficient Conf Band Std Err T-Value

Constant ©--5.9350

Var | < 04052603 ¢/ 0.73839RE-02 0.1 T18456K.02 0.24
Var 2 RN/ - 1.16202 0260885 R,27
Var 3 = -0L17674E-01 4/ 0.261200E.01  0.6068669E-02  -2.01
\ar 4 < L2 4/ - 1.11721 0.259477 - 3.90
Var 6 - 0.62936 4 / - 7.48857 1.73925 0,36
var 7 = -0 11693K-02¢/-  0.230405 0.635127F. 01 -0.02

Percent Variability Explained - 97.505 SEE == 1.2581
Correlation Between YORS and YCALC - 098746 N-9 T - 4.3
Dependent Variable is Y,




TABLE 10, GROUP-N BEARINGS -- ROLLER STATIC
SKEW ANGLE CHANGE

— Cuefficie.nt Conf Band Sed Krr T-Vulue

- -1.2128

. Var | = 080976003 /- 0261T4RE02 0.60790TE-03 - 158

= Var 2 = 1760/ - 0.411071 09547001 15.99 Sl

Var 3 O.3028310.02 4 / 0.9:24087E-02  0.214612E.-02 1.41 o
Nar 4 024912 ¢/ 0. 39h21R 0N TNOE-01 27 e
Var 6 EORNR 1/ - 264911 0.615268 -1.72
\Nar 7 O 1140RK-01 4/ OATS068E.01 0189303101 0.60

Pereent Variahility Fxplained - 99462 SELL - 044505
Correlntion Between YOBS and YCALC = 099731 N =9 ‘T' = 431
Dependent Variuble is Y,

The T-value parameter permits the evaluation of each term in the response regression
equation with the largest absolute vealue indicating that which is the strongest, or most
important, bearing variable in the group. The sign indicates the direction of the effect, i.e., a
positive sign signifies that an increase in the magnitude of the controlled variable results in an
increase in roller weight loss and/or skew angle change, whereas a negative sign means that an
- increase of the magnitude of the controlled variable results in a decrease in roller weight loss
and/or skew angle change.

Other statistics of interest are presented in Tables 9 and 10 and are the following:

iy ¢ PERCENT VARIABILITY EXPLAINED,. R?, which is the square of the
y multiple correlation coefficient R, is a measure of the proportion of variation
in the dependent variable accounted for by the regression equation.

e The SEE or Standard Error of Estimate, is the magnitude of the error in
predicting the output parameter.

¢ CORRELATION BETWEEN Y OBS AND Q CAL. R, is an index
indicating the degree of association between Y and Y, where a value of 1.0
indicates a perfect fit, i.e., no experimental ertor, and a value of 0.0 indicates
no association, i.e., large experimental error.

® N is the sample size.

® T ig the Table 1'-value at 95"+ confidence which is to be exceeded by the
calculated t-value in order to define a statistically important factor.

The statistical analysis of dependent variable 1; that is, roller weight change, indicates that -
the In (average weight change/test hours) is affected primarily by roller corner radius runout or
roller unbalance, VAR 2. As shown in Figure 35, the effect is positive as indicated by the upward -
slope of the curve. Secondary effects are shown for roller end circular runout, VAR 3, and/or roller
1 flat offset, VAR 5, and inner raceway taper, VAR 4. These secondary etfects ere all indicated to
' be negative. The remaining variables of preload, VAR 1, outer ring .angular misalignment, VAR
I 6, and lubrication, VAR 7, are shown to have no significant effect on roller weight change. Figure
H |- 35 exhibits the effect of dependent variable 1 versus VAR 2. Figures 36, 37, and 38 demonstrate
i the effect of VAR 3, 4, and 5 respectively, with the effect of VAR 2 removed from the data set.

Also, in Figures 36 and 38 it can be seen that VAR's 3 and 5 exhibit the same trends. "This )

was due to the fact that bearings No. 2, 3, 6, 7. and 9 were all tested at the low levels of VAR's
J and " and bearings No. 1, 4, 5, and 8 were evaluated at the high level for each varieble. s
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The statistical analysis of dependent variahie 2, roller skew angle change, shows that the In
(average skew angle change/test hoursy is affected only by VAR 2, the roller corner radius runout,
with the remaining parnmeters trom Group-N not significantly affecting the output. Again, VAR
2 demonstrates a positive eftect as shown in Figure 39,

A summary of the statistically analyzed roller wear results and skew angle change for
Group-N is presented in Table 11. Also presented are the results of seven additional bearing
parameters evaluated and analyzed in a similar manner in a separate Pratt & Whitney Aireraft
program.

6.5 Group-AF Bearing festo

Testing was also completed on five of the six parametric bearings from Group-AF. The five
designs tested are shown in Figure 26, Stable operation and petformance was observed with each
design except for No. 21 which experienced an inner ring fracture. The sisth Group-AF besring,
Na. 26, which is a repeat of bearing No. 22, will be tested later in the program.

6.5.1 Pretest Inspection and Preparation

Detniled dimensional measurements of the six Group-AF bearings were taken and the
results are provided in Table 4. ‘The pretest roller weight and static skew angle measurements are
shown in Table 12,

In-house inspection measurements were made and recorded during the process of instalting
the bearings in the test rig. These measurements included; the fits of both the tnner ring on the
shaft, the outer ring in the support housing and the installed internal radial clearance of the test
hearing. Axial misalignment of the outer rng was maintained at zero for each of the Group-AF¥
hearing tests. The measurements recorded are shown in Table 13,

6.5.2 Evaluation of Bearing No. 22

The first Group-AF bearing tested was bearing No. 22, As shown in Figure 26, this design
included extended roller evlindrical flat length and increased guide tflange lavhack. As indicated
in ‘Table 4, the guide tflange angle was measured to be 0° 50,4, 'The bearing was installed in the
test rig and completed the 10-hour parametric program with stable operation noted throughout.
During calibration testing, the slipring used for monitoring inner ring temperatures failed while
running at point No. 10. The test was interrupted in order to remove the slipring and the program
was then continued to completion. For the endurance testing portion of the program the tetal oil
tlow to the bearing was set at 20 tb/min. Bearing heat generation results as a function of speed,
with variations in radial load and oil flow, are shown in Figure 40, It can be seen that a variation
in applied radial load over the range of 250 to 1000 b has only a slight eftect on bearing heat
generation whereas bearing oil flow is shown to have a direct and significant effect on hearing heat
generation. Post-test inspection revealed all of the bearing components 1o he in good condition as
can be seen in Figure 41, with no significant distress or unusual wear patterns noted. Al of the
rollers were found to be free of eccentric wear and inspection measurements indicated an average
roller weight loss of only 0,0001 grams and an average static skew angle inerease of 00 079,
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TABLE 11. ROLLER WEAR RESULTS FROM GROUP.N AND P&WA TES'TS

— _Levels Tesred . Ava. Roller Avg. Roller
i Vorinble Low High Baseline  Weight Change Skew Angle Change

Group N Teat
Pre-load 0 2 Point O.R. 2 Point O.R. —_— ——
Roller Corner Radius R/O, in. 0.0008 0.005 0.0008 N i
Roller End Syuareness, in. x 10-¢ 650 180 120 L _—

T luner Race Taper, min, 0.8 368 0.9 1* -

: Roller Cylindrical Offset, in, X 10°* 10 50 10 re —

= - - — - - - — — —Raceway -Minalignment; deg. -0 - ab 0 — ——
Lubrication, /min, 1 29 20 — —
P&WA Test
Roller L/D Ratio, in./in, 0717 1.0 1.0 ' '
Cage Unbalance, gram-.centimeter 1.0 8.0 3.0 — ——
Roller End Clearance, in. x 10-? 1 5 1 i* i
Roller Eindt Shape, Max. Protrusion, in. % 10-* 50 40 50 t t
Flange Height, i of Roller dia. 20 30 26 * i
Roller Dia, Variation, in. x 10~ 50 500 50 ‘ :
Roller Flat Length, S Roller Length 0 50 40 — —

* Indicates & vignificant roller bearing variahle.

e No offect on output, either level or baseline value can be selected.
t ‘Trend with output is positive, select a lower level for minimum roller weight change and static akew angle change.
t ‘I'rend with output is negative, select a higher level for minimum roller weight change and atatic skew angle change.

TABLE 12. PRETEST
LATED MEASUREMEN'TS FOR THE
GROUP-AYT BEARINGS

ROLLLER WEFAR RE.-

Avg Roller Weight

Avg Skew Angle

Bearing (Grams) (Minutes)

No. Unflashed  Flashed Unflashed Flashed
21 13,3265 13,3270 14.28 1450

29 133174 13,3202 33.73 33456

EX] 13,3197 13,3201 2247 20.41

2 13,3222 13.3180 17.12 16,93

25 13,3222 13,2200 20.88 21,02

24 [RRI L] 13.3195 31.40 21.02

TABLF 13.

PRETEST RIG RELATED INSPECTION MEASUREMENTS
FOR THE GROUP-AF BEARINGS

Bearing Numbers

2! 22 P} 24 25
Inner Ring Fit on Shaft, in, 0.00131 000101 0.00231° 000231 0.0024T
Internal Radial Clearance Inatalled, in. 00034 0008  COOIT  0.0033  0.0043
Quter Ring Fit in Housing, in. 0.00081, 000081, 0.00101. 0.00061, 0.00061,
Outer Ring Misalignment, deg 0 0 0 0 0
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6.5.3 Experimental Evaluetion of Bearing No. 21

The second Group-AF bearing tested was bearing No. 21, Ag shown in Figure 26, thia design
provides for a low level of both roller flat length and guide flange layback. Pretest measurements,
uy presented in Table 4, indiented a roller cylinder length of 0.2665 inch and a guide tlange
layback angle of 0° 7.16". ‘The bearing was installed in the rig without outer ring misalignment
and testing proceeded in accordance with the 10-hour parametric program outlined in "I'able 6.
Stable operation of the bearing was noted from the onset of the teating. While running at 276
MUDIN, point No. 11, a failure occurred without warning which terminated the test. ‘The total test
time at feilure was only 1.76 hours. Removal of the bearing from the rig revealed that the inner
ting had fractured as shown in Figure 42. It also can be seen in Figure 42 that the outer ving and
cage were both intact but damaged. The rollers were severely edge damaged but free of eccentric
end wear. Post-test roller weight measurements indicated an average lous of 0.2094 grwns, The
static skew angle increased an average of 1° 0.84° for all rollers. Ap extensive metallurgionl
analysis waa conducted at the site of the inner ring break and the results indicated n transverse
fracture which had progressed in a tensile manner. It was concluded that the fracture originated
at the inner diameter of the ring in the vicinity of an intersection of a radial oi} hole and an axial
oil slot,

6.5.4 Expetrimental Evalvation of Bearing No. 23

Bearing No. 23 was tested next. As can be seen in Figure 26, this desipn is identical to No.
22 and features both extended roller flat length and increased guide flange lnvback exeept that
the guide flange surface in this design is convex for the purpose of improvieg hydrodynamic
lubrication between the roller end and the guide flange. As shown in ‘Table 1, the guide flange
angle was measured to be 00 55.6°. The bearing completed the 10-hour parametric program with
stable operation noted throughout, During the endurance portion of the program the totai oii flow
to the test bearing was maintained at 20.0 th/min, Heat generation performance data was similar
to that obtained earlier for bearing No. 22, Test data for outer to inner ring temperature
differential and horsepower as functions of speed with oil flow as a parameter are shown in
Figure 43. Rig horaepower data for bearing No. 23 is compared to rigg horsepowoer data obtained
earlier without a test bearing. In this latter case the rig bearing was theretore cun without applied
radinl londing and without normal lubrication. It can also be seen in Figure 43 that a decrense in
oil flow increases the temperature differential between the outer and inner vings, mnd decreases
the rig horsepower. Post-test inapection of bearing No. 23 revealed all of the bearing components
to be in good conditions as shown in Figure 4. No significant distress or unusual wear of the
components was noted and all of the rollers were found to be free of eecentric wenr. Rofter weight
mensurements indicated an average weight loss of 0.0002 grams while it was determined that the
skew angle increansed an average of only 0° 1,75,

6.5.5 Experimencial Evaluation of Bearing No. 24

Bearing No. 24, as shown in Figare 26, features both extended roller tlat length and a low
level of flange layback. The guide flange of this design, like bearving No. 23, has a convex surtace
and, as shown in Table 4, its lavback angle is 0° 0,01, "The bearing was installed in the test vig
with zero outer ring misalignment and completed the 10-hour program with stable operation
noted throughout. During the endurance portion of the program the total oil tlow to the test
bearing was again maintained at 20,0 1b/min Performance data was similar to that obtained
earlier for bearings No. 22 and 23 and post-test inspection revealed all of the components to be
in good condition as shown in Figure 45. No significant distress or unusual wear of the
components was noted and all of the rollere were found to be tree of eccentric wenr, Roller weight
measurements indicated an average weight loss of 0.0002 grams while skew angle measurements
indicated an average increase of 0° 2,00,
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6.5.6 Eiporimental Evaluation of Bearing No. 25

T S S

The fifth and last of the Group-AF bearings tested was bearing No. 25. As shown in
Figure 26, this design features both a low level of roller flat length and increased guide flange
layback. The guide.flange surface, as in bearings No. 23 and 24, is also convex. Asshown in Table
4, the guide flange layback angle was measured to be 0° 52.3". The bearing was installed in the
test rig without outer ring misalignment and completed the 10-hour parametric program with
stable operation noted throughout, During the endurance portion of the program the total oil flow
to the test bearing was again maintained at the 20 tb/min level. Performance data was similar to
that obtained during the evaluation of bearing No's. 22, 23, and 24. Post-test inspection revealed
all of the components to be in good condition as shown in Figure 46. No significant distreas or
unusual wear of the components was noted and all of the rollers were found to be free of eccentric

~~end wear. Roller weight measurements-indicated an average weight loss of 0.0001 grams while
skew angle measurements showed an average increase of 0° 1.10",

6.6 Summary of Group-AF Testing

Figures 47 and 48 provide a summary presentation of the operational data for the Group-AF
bearings tested. The test data obtained for all bearings in this group generate similar cuives as
shown in these figures, testifying to their consistent thermal performance. The data obtained for
bearing No. 21, which failed abruptly after only 1.75 hour of running, is also similar to that
obtained for the other Group-AF bearings and falls within the range of these curves. A summary
of the wear results obtained is shown in Table 14, Average values of roller weight loss for both the
flashed and unflashed rollers are presented. Also shown as a wear parameter is the average skew
angle change for the flashed as well as the unflashed rollers of each bearing.

6.7 Statistical Evaluation of the Group-AF Bearing Wear Results

Statistical techniques were used to determine the effect on roller end wear on the following
four study parameters [rom Gioup-A¥F:

txtended roller tlat length

Inner ring guide flange layvback
Iuner ring guide flange contour
Inner ring guide flange runout

It was concluded that the failure of bearing No. 21 was not related to the fact that it featured
controlled levels of the above four study parameters. Post-test evaluation of this bearing
indicated that this failure was most likely a result of local overstressing of the inner ring 1) area
due to lack of a proper blend at the intersection of a bore slot and a radial 0il hole. Theretore, the
S extreme roller wear resulis associnted with this test were not included in the analysis of the wear
§= data for Group-AF, The evaluation of the above four parameters was then limited to that based
o on the wear data provided by the tour remaining test hearings. The analvtical procedures used
were essentially the same regression and correlation analysis techniques used previously to
process the Group-N wear data. 1t was concluded that the indicated levels of changes in the four
independent study parameters for Group-AF did not cause a significant change in the average
weight or skew angle. Therefore, the baseline levels for the four Group-Al parameters can be
congidered acceptable for use in future designs and have a low associated risk of producing
unacceptable wear rates.

i
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TABLE 14, ROLLER WEIGHT AND SKEW ANGLE WEAR DATA FOR
GROUP-AF BEARINGS

Bearing Avcrage Roller Weight Loss. Grams Averuge Shew Angle Increase
No. Flashed  Unflashed ANl Rollers Flashed Unflashed All Rollers
21 02139 0.2060 0.2004 1 deg 0.84 min. 1 deg L.O4 min. 1 dog 0.84 min.
22 0.0000 Q.02 0.0001 0 deg 0.88 min. 0 deg 0.72 min. 0 deg 0.79 min.
23 0.0002 0.0002 00002 O deg 1.94 min 0 deg 1.57 min. 0 deg 1.76 min.
24 0.0002 0.0002 0.0002 0 deg 2.40 min. 0 deg 1.78 min. 0 deg 2.09 min.
B 00002 0.0000 0.0002 0 deg 0.88 min. 0 deg 1.32 min._ 0 deg 1.10 min,

6.8 Statistical Analysis of Composite Group; Groups N and AF Wear Resuits Combined
With PAWA Data

‘The test results from the experimental test programs for Group N. AF, and P& WA hearings
were statistically analyzed, i.e., changes in both roller weight and skew angle at accelerated test
conditions. Figure 49 identifies all of tho varinbles investigated, in the compasite group while
Table 15 presents the P&WA Group swatistical test matrix and indicates the test levels for the
varinbles evaluated in this group.

Two bearings were omitted from the analysis of this compogite data set. Bearing No. 6 from
sroup-N was omitted because of the excessive wear response of the rollers that occurred after the
bearing failed. Bearing No. 21 from Group-AF was deleted since it had been concluded that the
inner ring failure which generated excessive bearing wear had not been influenced by the
variation of any one of the four parameters being studied, The wear results from the remaining
twenty tests, which is comprised of seven of Group-N, four of Group-AF, eight of Group-PWA,
and the haseline bearing were inclhaded in the statistical analysis.

A ranking of the importance of the controlled variables as to their relative intluence on borh
dependent wear parameters was defined using regression and correlation analyis. The wesults of
this analysis are presented in Table 16 with the relative effect of the parameters identified in
categories ranging from "'very important’ to “no consequence.” For the dependent variables of
both weight loss and skew angle increase the coupled roller end radius runout is the only
parameter ranked as “very important.” ‘I'he effects of roller end clearance and 1/ are considered
as being next most signiticant in that they had an “tmportant™ effect on both wear parameters,
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TABLE 16.
WEFAR

EFFECT OF INDEPENDENT ROLLER BEARING VARIABLES ON

Level of Significance

Roller Weight Change

Roller Skew Angle Change

Very lmportant

Impaortant

Moderate

Slight

No Consequernce

LR X N 2R X N N )

Roller End Radius RO

Rotles 1/D

Outer Ring Misaliznment, O/R
Inner Race Taper

Preload

Roller End Clearance

Roller End Shape, Max. Protrusion
IR Guide Flange R/0 to Face
Roller Fnd Squarences

Inner Ring Guide Flange Contour
Roller Flat Centrality
Lubrication

Cage Unbalance

Flange Height

Roller Diameter Variation

Roller Fiat Length

lnner Ring Guide Flange Lavback

L 2 W J

[ X W IR AN N W N J

Roller Fnd Radins WO

Roller End Clearanee
Roller 17D
Roller Diawmeter Variation

Preload

Outer Ring Misalignment, O/R
Roller End Squareness

Ianer Race Taper

Roller Flat Centrality

Lubrication

Cage Unbalance

Roller End Shape, Max. Protrusion
Flange Height

Roller Flat Length

Inner Ring Guide Flange Layback
Inner Ring Guide Flange Contour
tnner Ring Guide Flange R/0 to Face




7. SiXTY HOUR DEMONSTRATION TEST — TASK 11

A 3.0 MI3N prototype roller bearing waa designed and will be evaluated in a demonstrator
rig test with a goal of 60 hours operation over & range of DN valuea from 2.2 to 5.0M. The
information developed under ‘'asks I and Il of the Contract was used in the design of this bearing
which incorporates the best levels of both the seven Group-N parameters tested under Task 1 s
well ag the seven parameters evaluated under the separate P&WA program. The basis for
selecting the parameter levels for use in this prototype bearing wasa the results of the statistical
analysis as sutmarized in Table t6. In addition, the prototype bearing design incorporates
certain other features deeted optimum as based on the anaivtical studies- made under Task | of
the Contract. These features include; reduced preload to prevent or minimize the probability of
inner ring fracturey, tighter it of the inner ring on the shaft to prevent or minimize the extent of
inner ring creep, and decreased roller crown radius as a consequence of selecting a reduced roller

L/D ratio.

The levels of the key design parameters for the prototype hearing are presented in Table 17
and were determined ns part of this Task I effort, In the design process, the bearing vatiables
that had no effect on roller end wear were maintained at the baseline level. For those variables
that showed a positive effect on roller wear, the lower level was selected for the prototvpe design
and for those varinbles that incdicated a negative effect the higher level was selected. An exception
to the above procedure was mnde for the selection of the flange height level. The wear results as
shown in Table 16 indicate that the lower level of flange height will resylt in lower roller wear and
should be selected for the prototype design. HTowever, the results us influenced by this variable
are confounded with thase of voller end clearance in that both of these factors were varied
simultaneously in the P&WA test prograum. ‘Thus, the influence of one cannot be separated from
the other. Previous test cxperience at P&WA, however, indicates that improved roller skew
control would result with the 250 baselinge valie of Nange helght as compared to that associnted
with the lower 200 level, Therefore, a 25% flange height was selected for the prototype design.
Since the lower level tor the other confounded variable of this group. whieh is roller end clearance,
was the same as the baseline value, it was maintained at this level in the prototype design.

Fabrication of two prototype bearings is now in process. It is intended to rig test one bearing
tor sixty hours over a speed range of 2.2 to 3.0 MDN and the second bearing will be retained as
u spare for future use should the first fail to complete the progeram.

TABLE 17, LIMITS OF THE 3.0 MDN PROTOTYPE BEARING DESIGN
COMPARED 'O BASELINE BEARINGS

Parameters Evaluated by Test ___Proratype Rearing Baseline Bearing

10,

Preload  Quter Ring Out-of-Roand
Roller Corner Radivs R.O. - [neh
Roller nd Squareness — Inch

Ihner Race Taper - Minute

Roller Flat Centrality - Ineh

Outer Ring Misalypnment - Degree
Lubrication Flow — th/Min.

Roller LengthDdia. Ratio

Cage Unbalanee — Gm-Cm

Raller End Clearanee — Inech

Roller Find Shape, Max. Protrusion -— Inch
Flange Hegha “oof Roller Dia.
Rolter Bin Variation  Inch

Roller Flat Length - . Rotler Length

Parameters Evaluated Analvtically
Outer Rine 0D, Out of-Round Inch
Inner Rung Bore — Inch

Roiler Crown H.‘\(!I‘.l&: Tuch

2 PPoint

Q008 Max
120~ 10°¢ Ma:..
0.8 Max.

0.0 Max

Q

k(Y

o

0 Max
QXN - s
o400 N e e
R4

SN0 ¢ Max
BRI 1)

LG - QKON
48920 . 8017
18

2 Point

0001 Max.
120 % 107 Max
(LR Mux.
003 Max.

4]

20

1o

A0 Max

[AELL ISR IR
Not Defited
o

M~ ¢ Max
[

oud0 o
§ RO g R

i
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8. PLANNED EXPERIMENTAL PROGRAM

8.1 Prototype Bearling Test

~

The 3.0 MDN prototype bearing, deseribed in Section 7 and Table 17, will be
experimentally evaluated to assess its durability for a period of up to 60 hours, Testing will be
conducted over ngpeed range of 2.2 to 3.0 MDN, with a goal being to obtain at least 30 hours of
operation at 3.0 MDN, 1t is planned to run the 60 hours in the following acquence:

Ten hours at 2.2 MDN
I'en hours at 2.5 MDN
T'en hours at 2,75 MDN
Thirty hours at 3.0 MDN

It is also planned to periodically interrupt the test Lo visually inspeet the bearings. Should
a visual inspection provide evidence of premature distress, the bearing components will be
measured which will include determination of both roller weights and statie skew angles, These
measurements would be compared to those measurements obtained eartier during the protest
inspection. A wear rate vs, time map would then be established.

8.2 Experimental Evaluation of Bearing No. 10

As shown in Figure 25, roller bearing No. 10 is similar in design to bearing No. 8 with both
designs containing rollers with a high leve! of end radius runout. As shown in Table 3, this runout
averages (L0035 inches. Since severe cage failures were obtained with all four of those bearings
tested that had high levels of roller and radius runout. bearing No. 10 will be refitted with a new
set of rollers which have a mimimum level of corner radius runout. ‘I'he remaining roller
geometries and tolerances will be maintained at those levels shown for bearing No. 10 in Figure
26 with the exception of roller flat centrality which will be controlled within 0.010 inch instead of
0.050 inch. T'his change will provide additional wear data necessary ta separate the wear effects
of roller end circular runout trom those associated with roller flat centratity. ‘The tabrication of
the new rollers is in process and when completed bearing No, 10 will be assembled and rig
evaluated following the established 10-hour parametric progeam.

8.3 Model Check Bearing Test

Bearing No. 26 of Group-AF, which is identical in design 1o bearing No. 22 shown in Figure
26, will be tested for the purpose of veritying the 3.0 MDN analyvtieal model developed under I'ask
L The bearing will be experimentally evaluated and the data obtained will be analyzed and
compared to predictions genecated by the 3.0 MDN analytical model. If any sizeable diserepancy
is found between the test data and the prediction then the analvtical model will be accordingly
modified to atfect agreement,




PLANNED EXPERIMENTAL PROGRAM
- 8.1 Prototype Bearing Test

The 3.0 MDN prototype bearing, described in Section 7 and Table 17, will be
experimentally evaluated to assess its durability for a period of up to 60 hours. 'T'esting will be
conducted over a speed range of 2.2 to 3.0 MDN, with a goal being to obtain at least 30 hours of
. operation at 3.0 MDN. It is planned to run the 60 hours in the following sequence:

e ‘l'en hours at 2.2 MDN
® ‘T'en hours at 2.5 MIDN
® ‘l'en hours at 2.75 MDN
® Thirty hours at 3.0 MDN

It is also planned to periodically interrupt the test to visually inspect the bearings. Should
a visual inspection provide evidence of premature distress, the bearing components will be
measured which will include determination of both roller weights and static skew angles. These
measurements would be compared to those measurements obtained earlier during the pretest
inspection. A wear rate vs. time map would then be established.

8.2 Experimental Evaluation of Bearing No. 10

As shown in Figure 25, roller bearing No. 10 is similar in design to bearing No. 8 with both
designs containing rollers with a high level of end radius runout. As shown in Table 3, this runout
averages (.0035 inches. Since severe cage failures were obtained with ali four of those bearings
tested that had high levels of ruller and radius runout, bearing No. 10 will be refitted with a new
set of rollers which have a minimum level of corner radius runout. The remaining roller
geometries and tolerances will be maintained at those levels shown for bearing No. 10 in Figure
25 with the exception of rolier flat cenirality which will be controlled within 0.010 inch instead of
0.050 inch. This change will provide additional wear data necessary to separate the wear effects
of roller end circular runout from those associated with roller flat centrality. The fabrication of
the new rollers is in process and when completed bearing No. 10 will be assembled and rig
evaluated following the established 10-hour parametric program.

8.3 Model Check Bearing Test

Bearing No. 26 of Group-AF, which is identical in design to bearing No. 22 shown in Figure
26, will be tested for the purpose of verifving the 3.0 MDN analvtical model developed under Task
I. The bearing will be experimentally evaluated and the data obtained will be analyzed and
compared to predictions generated by the 3.0 MDN analytical model. If any sizeable discrepancy
is found between the teat data and the prediction then the analytical model will be accordingly
modified to affect agreement.
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