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FOREWORD

Development of a fairly sophisticated Dynamics of RolLing Elenemt Bear~~~
(DREB) computer program was completed at MTI in July 1977. This program

was sponsored by several commercial companies around the world. T1~is ~r~. --

ject , which has been aimed at predicting the torque in 1)espun “~ec i~ u~~~.oJ

Assemb ly (DMA ) bearings , constitutes one of the first practical ap;~~~- i t .  —

cf an advanced computer program such as DREB. A number of c c :~ ~‘ t~~ ~~~~~~

simulations of the dynamic bearing performance have been ob in~~ an.~ :h~-

bearing torques have been compared with the experimental obs~~r v a t i .n s .
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SECTI ON I

INTRODUCTION

The coupling between the complex geometrical parameters and rather sophisticated

operating conditions introduces great difficulties in the development of a rea l-

istic analytical model for rolling bearing performance simulation . In app lications

concerning bearing torque variations , cage instabilities , skidding and failures

associated with other dynamic factors strongly need an analytical model which

treats the various geometrical interaction and the lubrication mechanics fairl y

well. Primarily due to the extreme complexities associated with such a model ,

progress in this technological area has been slow.

Most of the rolling bearing models have been restricted to quasi—static type

of analyses [1—31* where a static force balance is performed on the bear iit~,

elements. Such a model has generally been good for computing the overall

load distributions and the resulting fatigue life of the bearing. However.

for simulating torque variations, cage instabilities , and similar dynamic

parameters , i t  is necessary tha t the classical differential equations ot

motion be formulated and integrated in t ime to obtain a real—time simulation

of bearing performance. Walters [4] presented a dynamic model for a ball

bearing which considered the cage with complete generality but constrained

the ba]J motion such that the ball mass centers are forced to move along a

path prcdetcrmined by quasi—static type of models [1—2]. Thus such a model

is free of any ball—race vibrations , dynamic changes in race load s and sp ed s .

and similar transient factors which sometimes play a dominant ri le in estab-

lishing the torque variations in the bearing and perhaps the instabilities

of tile cage motion . Gupta [5] treated an angular contact ball bearing

with a purl’ thrust load . In this work the ball motion was considered with

complete generality , hut the bearing was considered to be cageless. \ c r v

recentl y , Gupta [61 has developed a generalized dynamic model where all tli ~
rolling elements , the cage , and both races are treated with all the eencr li t i e s

~f the classical differentia l equations of motion in the full six—degre es— it—

freedom system. Also , this model considers both ball and roller b e a t / t i e s , and
i t  provides a great flexibility in terms of operational variables s~i ch  as load

and speed variations , lubricant models , et c .

‘
~Niiin ht rs i i i  brackets ( I ( ’n o t l ’  r t f t ’ r e i i t ’s



The model is presen ted in terms of a Dynamics of Rolling Element Bearings (DREB)

computer program . Such a computerized simulation for the first time provides

a means to estimate torque var ia t ions  in a ro l l ing  bearing under prescribed

operating conditions.

Since bearing torque plays a dominant role in Despun Mechanical Assembly

(DMA ) sys tems , a realis tic model which predic ts the bearing torque and torque

variations is necessary. Although such an app lica tion is free of any high-

speed e f f ec ts , since the general operational speeds are quite low, the lubrication

mechanic s and the resulting ball-race friction introduce great difficulties in

the torque computations. The objective of the present program is to evaluate the

torqu e p redictions , as given by the computer program DREB , in the li ght of some

available experimental data.  Such a validation wil l  strengthen the capabil i t ies

of DREB to predict torque in DMA bearings. Hence , the needed analyt ical  mode l

for the bearing performance simulation can be derived and the procedures for

the DNA bearing design and failure diagnosis can be greatly improved.

Al though a number of experimental questions remain unanswered and a realistic

traction model for the DMA bea r ing app lic ation has yet  to be determined , it is

shown that DREB provides a fairly realistic simulation of bearing torque varia-

tions . Also , the predicted values are in the neighborhood of the experimental

obse rvations under certain traction parameters. The next section of this repor t

deals wi th  the bearing details  and some general operational character is t ics .

The available experimental torque data and the experimental l imitation are then

discussed in Section III. Finally , a number of analytical simula t ions  are ob-

tained with the use of the computer program DREB and the analytical simulations

are compared with the experimental 

data.2



SECTION II

GENERAL CHA RA CTERISTICS OF A DMA BEAR ING

A typical DMA app lication employs a 100—mm bore angular contact hail bearing.

The bearing operates at a relatively low speed , and it is mostly thrust loaded .

Although a cage is used in many applications , the question of removing the cage

and eliminating cage instabilities is still unanswered . It is this question

which has led to experimental test programs with full complement or cageless

bearings. The present investigation also emphasizes cageless bearing , and it

is assumed that under pure thrust load no significant ball—to—ball collisions

take place. Some of the bearing and operational details are discussed beJ, w.

Bearing Geometry

The geometrical details of the cageless bearing are as follows :

Bore = 0.100 M

Outside Diameter = 0.150 M

Ball Diameter = 0.015875 M

Pitch Diameter = 0.1250 M

Contact Angle = 26.0 degrees

Number of Balls = 24

Outer Race Curvature Factor = 0.52

Inner Race Curvature Factor = 0.52

The same bearing has been used with the cage when the number of halls is re-

duced to 19. Since the present investigation emphasizes a cageless bearing,

the details of cage geometry are omitted .

Materials

Both races and all the balls are assumed to be made of conventional ball bearing

steel wi th  the following relevant properties :

Elas t ic  Modulus = 2.0 x 1011 HIM 2

Poisson ’s Ratio 0.25

Mass Density = 7.75  x ~~~ kgm/M 3

3
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The above proper t ies  are pract ical ly unchanged for  a wide range of bearing

steels wi th  varying compositions and ha rdnesses.

Lubricant

Most of the experimental data , described in the next section , was obtained

with a typical space application lubricant which has been described as

“Lubr ican t A” by Rivera [71 and as “Apiezon C + 1.5 percent Antioxidant ”

by Tyler , et al. [8]. There is no traction data available on this lubricant.

Howeve r , the general viscosity characteristics have been described by Tyler ,
et al. [81 as follows :

Kinematic Viscocity v (M2/s x 106) is given by:

log log (v + 0.60) = A—Blog (T + 273) (1)

where T is the temperature in °C and A and B are constants havings values

of 9.41058 and 3.65489 , respe ctively.

The pressure vis cosi ty coef f i cient , a, in the relation p = p exp (ap) is

given by:

a = ~~~ M
2/N (2)

T

where T is t empera tu re  in °C and K and C are once again constants  havings
—8values of 12.13 x 10 and 0 .471 , respectively.

The spec i f i c  g rav i ty  y at any temperature  T (° C) is expressed as:

I = y ],5 6 — G(T — 15.6) (3)

where 
~ l5 6 is the spec i f i c  gravi ty  at 15.6 °C and it is equal to 0.879 and

C is a constant  having a value of 0.00070.

The temperature viscosity coefficient for the relation ~ = exp {~~(“To —

1/T)} is estimated from Equation (1) to be approximately 6000 °K in the

neighborhood of the operating temperature discussed in the following

paragraphs .

4
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No da ta  is a v a i l a b l e  fo r  the thermal conduc t iv i ty  of the  lub r i can t ;  however ,

i t  is assu,. ed to be 0.10 N / S / ° C as it is fo r  most lubr ican ts .

O~~~~~~~~~Condit ions

The thrust load on the bearing varied from 89 to 267 N while the outer race

speed ranged from 5 to 60 rpm. The inner race is held fixed , and it  ca rr ies

the  to rque  measur ing  devices .  A l t h o u g h  t he re  is a c e r t a i n  un c e r t a i n t y  about

t h e  o p e rat i n g  t e m per a t u re , it is assumed to be 15° C [9 1.  Some of the  l u b r i c an t

properties at this temperature , in accordance with the relations described in

the preceding paragraph , will be:

\ i s co s i t v , p 0.382 NS/M2

Pressure Viscos i t v  C o e f f i c i e n t , t = 3.39 x i0
8 
M
2/N

T e m p e r a t u r e  V /sees i t v  C o e f f i c i e n t , B = 6000 °K

Therma l Conduc t i v i t v  = 0.10 N / S / ° C

Mass D e n s i ty  = 8 . 7 4 5  x io 2 kgm/M 3

For the above p r o p e r t i e s , co m p u t a t i o n s  were made to de te rmine  the  elastob ’~drodynamic

(E II D)  f i l m  t h i c k n e s s  and poss ib le  l u b r i c a n t  drag  on the b a l l .  The r e s u l t s  w i l l

be d iscussed  b e l o w .

F lastchvdrodvnamic F i l m  ‘f h ickness

T u e  c o t ’ l pu t c r  p r o gr am  DRE B is used to comput e  the  ERD f i l m  th ickness  over the

r a nge ef loads and speeds.  The r e su l t s  are  descr ibed  in Table I .

A l l  the r e s u l t s  p r e s en t e d  in Table  I a re  under  f u l l y  f l ooded  c o n d i t i o n s .  In

the case of DMA h ea r ings , where  t he  l u b r i c a n t  q u a n t i t y  is hi ghl y l i m i t e d , the

actua l f i l m  t h i cknes s  may he v e ry  much smal ler  then these  va lues .

I n  eroer t o  e st a b l i s h  th e  type  of c o n t a c t , the  f i l m  t h i ckness  va lues  must  he

compared w i t h  t h e  s u r f a c e  roughness  v a l u e s .  A l t h o u g h  the a c t u a l  su r f ace  rough-

ness da t a  is not a v a i l a b l e , it is expected that the ball has a surface finish

ot about  ~. S to  5.0 x 10 8M and t ha t  i n  the  race is about 1.0 to  3.0 x ~~~ 191 .
I t  may , t h e r e f o r e , he co n c l u d e d  t hat  EHD c o n d i t i o n s  w i l l  exist  only wi th  the

5



TABLE I

ELASTOHYDRODYNANIC FILM THICKNESS COMPUTATIONS

Film Thickness (M)Bearing Thrust Outer Race Outer Race Inner RaceLoad Speed Contact Contact(N) (RPM )

267 10 1.18 x 1O~~ 1.06 x lO~~
267 30 2.47 x 1O~~ 2.22 x l0~~
267 60 3.88 x ~~~~ 3.50 x l0~~

89 10 1.27 x lO~~ 1.14 x l0~~
89 30 2.6 1 x l0~~ 2.35 x l0~~
89 60 4.10 x lO~~ 3.70 x l0~~

6
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smoothest surfaces operating under the lightest load and highest speed con-

ditions. Also, the quantity of lubricant must be adequate to ensure fully

flooded conditions. If all of these conditions cannot be met in a real

bearing , then the contact will be of a boundary type friction and the EUD

action will be small.

For the EHD regime of operation , it is necessary to test the lubricant for

its traction characteristics while the boundary friction coefficients must

be measured in case of metal contact. Unfortunately, none of these data are

presently available. The objective of the present investigation is, there-

f ore , to examine the behavior of the bearing over a range of traction parameters

and evaluate the predicted torque in light of available torque data.

Lubricant  Drag

When the q u a n t i t y  of lubricant  is very limited , normally the drag forces can

be neglected . However , since the measured torques are also very small in

magnitude , a question was raised [9) concerning ball drag. The computer pro-

gram DREB uses a simple boundary layer type of formulation [101 for computing

drag on the balls. The primary input to such a computation is the effective

density of the mixture of air and oil in the bearing. Generally , such an

effective density is arrived at by volume averages. A rough computation ind i-

cates that a conservative estimate of the total bearing cavity is about 5.73 x

lO~~ M
3 
while the volume of oil at a supply of 4 mg/ball (in range of experimental

data presented in the next section) is about 1.10 x ~~~~ M 3. Tl’us , the volum e

ra t io  is 0.0019 which leads to an e f fec t ive  density of 1.67 kgm/M 3.

The relation for drag is of the form:

D
~~~

CD PV
2
A

where D is the drag force;  p is the effective mass density ; V is the ball mass

center velocity; A is the frontal area; and C
D 

is the drag coeff ic ient for
spherical bodies [10].

It is shown (10) that at very low speeds the drag coefficient may be wr i t t en

as:

7
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24
C
D 

- 

R

where  R is the Reynolds  number , R V d / v , d and v being the bal l  diameter and
kinematic viscos i ty,  respect ively.

I t  is seen tha t  the drag force  will be proport ional  to the ba l l  ve loc i t y ,  which
is practicall y independen t of the bearing load and it is prop or t ional to the
race speed . The computed drag for the three race speeds is tabula ted in Table
I I .

I t  is t r u e  t ha t  these drag forces  are small in magni tude.  However , at h igh—

speed they could contribute to about 0.0133 x 0.0625 (pitch radlus)/2 = 0.00042

NM of torque per ball. Thus , for a bearing with 24 balls, the total torque

w i l l  be abou t  0.01 NM , which  may be s i g n i f i c a n t  when compared w i t h  some of the

mea sured to rque  da ta  presented in the next  section .

TABLE TI

BALL DRAG FORCES

Race Speed Drag Force
RPM N

10 0.0021

30 0.0065

60 0.0133

8 
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SECTION I I I

EX PERIMENTAL TORQU E DATA

The experimental data used in the present investigation was obtained a t  the A i r  Force

Materials Laboratory at Wright Patterson Air Force Base . The details of the

experimental set—up a r e prese n ted by Rivera  [ 7 ] ,  and they  are omitted here fo r

t’~r e v i t v .

For the bear ing described in the preceding section , the measured torque as a

function of lubricant quantity is presented in Figures 1 to 3*• There are

three general patterns in these experimental observations . First , the torque

increases with lubricant quantities and it stabilizes at some stead y value ,

at least at the lower speeds. Secondly , the torque increases monotonica lly

with speed . Finally , it appears that the torque has a rather low dependence

on hearing icad . These observations , at first sight , lead to some drag

phenomenon as a principa l contributer to torque . However , as will be discussed

in the next section , the local slip velocities in the ball/race contact zone

an d the resulting tractive forces will couple with any applied drag forces and ,

hence , the problem becomes somewhat comp l icated .

The va r ia t ions in to rque , corresponding to the data shown in Figures 1 through

3 are shown in Figures 4 th roug h 6. Again , it is seen tha t  torque variations

increase w i t h  speed . If any load dependence is derived from this data , it is

found tha t  the to rque  va r i a t i ons  somewhat increase with the load , which is

oppos i t e  of what  one would normally expect. In any event , the amount of data

is not adequa te  to  derive any general conclusions about either the torque

v ar i a t i o n s  or the  average to rque  values.

A number of exper imenta l  d i f f i c u l t i e s  encountered during the measurement of the

data presented herein must also be noted [9]. Any test ri g behavior leading to

slipping of the generally stationary race will contribute to torque variations .

It was pointed out [9] that possibilities of such slippage do exist in the present

t e st set—ti p , and a number of modifications are necessary in order to rectify the

prob l em . Also , in view of such a problem , it is agreed that substantial confi-

dence cannot be imposed on the measured torque variation data.

*luti . d i  t i  was suppi fed to MIT by Rivera [9 J of the Air Force ~1at or i a Is !., her,i t or ies at
W r ight l’a t t ers ctn A i r  Force Base.

9
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Possibilities of relative misalignment between the two races also exist in the

present set—up [9] .  A misalignment will generally result in increased torques

due to increased irregularities in load and slip distributions over the balls.

It is , therefore, expected that  the measured torques may be somewhat h igher

than these computed under perfec t ly  aligned condition and w i t h  a realistic

traction model , which is presently unavailable .

In view of all these difficulties , a number of bearing performance simulations

using DREB are obtained over the range of expected traction parameters and
operating conditions . These analytical results will be discussed in the next

section.
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SECTION IV

ANALYT ICAL S IMULAT IONS

For a purel y thrust loaded cageless bearing, such as the DMA ball bearing , a

cons iderable  computer  t ime can be saved by proper modelling of the bearing such

that the motion of only one ball is examined. Such a model will be reasonable

sin ce al l the bal ls behave identicall y in a pure ly  thrust  load bearing. The

details of the model w i l l  be discussed below .

Trac t ion  model is another significant input to the bearing performance simulation .

Since no t rac t ion  model is avai lable  for the  lubr ican t  under consideration , it is

necessary to cover a range of t r ac t ion  parameters , which possibly inc lude bot h

the  EHD and the boundary  f r iction reg imes. Some details of the traction models

used will also be discussed below before presenting the various simulations.

The Bearing Model

In a l ow—speed , lightly load angular contact thrust ball hearing, the nominal

load d i s t r i b u t i o n  on a l l  the ba l l s  is uniform and it can be very r ead i ly  de-

termined by conventional quasi—static analysis. For the DNA hearing, it is,

therefore , necessary to do such a computation and determine the relative position

of the races for the prescribed loads and speeds. The race mass centers may

now be constrained to stay fixed in these relative positions as the dynamics

of a ball Is closely examined . Also , since all balls behave identically, it

is only necessary to examine one ball.

The above assumptions and the use of DREB are a considerable improvement over

an earlier thrust bearing model [5) which forces the inner race to be in static

equilibrium , i.e., the inner race is assumed to be massless. In the DMA bearing

testing the assumption of holding the races fixed in space is much more realistic

(7 ,9] and hence such a constraint is used in DREB for all the simulations .

Traction Model

Figure 7 shows the nature of a typical traction slip relation under elastohydro—

dynamic conditions . The traction increases to a maximum value and , with con—

t inuall y increasing slip, it reduces to an asymptotic value . For applications

w i t h  ve ry  low s l i p rat es , such as t h e  DMA Bear ing ,  the c r i t i c a l  parameter  w i l l

lie t l i e si  opo o the t r:, c t I on curve near zer o ci ip . Hence , in the absence of a

r at  t ion model , i t  w i l l  he e ssen t ia l  t o  cover a wide range of slopes .

17 
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In the case of boundary friction , the traction coefficient may become independent

of slip and the model may just reduce to a constant friction coefficient. In

some cases of dry friction it is found that the friction coefficient reduces

with increased slip [11] and terms such as “st a tic ” and “kinet ic ” f r i c t i o n
coefficient have been introduced.

In view of all the above possibilities , three models are considered in the present

investigation. The models are schematically described in Figure 8. The Model I

basically represents the slope of a typical elastohydrodynamic traction curve

shown earlier in Figure 7. Model II is a Coulomb type constant friction coeffi-

cient. Fioally , Model III represents the classical static to kinetic friction

transition in dry metal contacts. It is expected that all these models will

cover a wide range of possibilities including the boundary friction and elasto—

hydrod ynamic reg imes for  the DMA bearings .

Simulation for Model I — (K = Bu)

For a prescribed bearing load and speed , three values of the slope , B,

are selected to cover a wide range and the bearing performance is simulated .

The dimensionless torques for the varying slopes are shown in Figure 9. It is

seen that the bearing torque reaches a steady value , which is practically

Independen t of the slope B. However, the time required to reach a steady

value is dependent on the slope, as might be expected . The frequent ripples

in the case with B = 10 perhaps result from very large changes in traction due
to slight changes in slip rates, which may result from gyroscopic rotations or

excitations of the bearing characteristic vibration frequencies (which will be

discussed later), and they are highly transient in the analytical simulations .

However , in practical applications , if the bearing is continually subjected

to small vibrations from the other parts of the system, such ripples could be

steady s ta te  and the amplitude wil l  be dependent on the nature  of the disturbance

imposed .

The magnitudes of the torques shown in  Figure 9 are qu i t e  small .  In fac t ,

when the v a l u e s  are c onverted to dimensional numbers , they are about 4.7 x 10

and 3.( x NMIB.il 1, respectivel y, for t h e  ou te r  and Inner  races . For 24

b a l l s ,  the  t o t a l  torques about the b e a r i n g  axis  w i l l  be 0.011 and 0.0086 NM ,

respectively, on the outer and inner races. From the magnitude of these values
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• l-’igur e  8. S c h e m a t i c  Desc r ipt ion of the P o s s i b l e  T r a c t  ion Parameters
expected to be app l i cab le  to DMA bear ings
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and from the differences between the outer and inner races, it seems that most

of the torque contributions are due to the drag forces on the ball , which for

the cases of Figure 9 is about 0.0133 N. Any increase in drag will proportionally

increase the torque.

In order to understand the influence of applied load and speed on overall torque

several additional simulations are obtained ; with B = 1 S/M , these results are
described in Figures 10 and 11 for the two extreme loads. Figure 10 shows

fairly steady values of torques and practically no ripples of a size comparable
with the average torques. However, at light loads relatively large torque

ripples develop . The average values of the torques in Figure 11 are almost

equal to those in Fi gure 10 and , hence , the torques are load—independent. The

general dependence on speed is almost linear as show-n in Figure 12 , which shows

the total computed bearing torque as a function of speed .

A detailed examination of the ball motion is necessary in order to understand

the torque variations in Figure 11. Therefore, for one of the cases outlined
in Figure 11, the motion of the ball is monitored and closely examined . The

mass center accelerations are shown in Figure 13. It is seen tha t the radial

and axial accelerations have two definite frequencies. The low frequency is

not very clear from Fi gure 13, but it becomes evident from Figure 14 where the

resulting mass center positions are plotted . These frequencies are about 8.1

k}lz and 1.20 k}Iz in real dimensions and they correspond to the “elaLtic contact

frequency” and the “kinematic frequency ” of the bearing as identif led earlier
by Gup ta,et al. [121. Some of these frequencies are also evident in the orbital

acceleration shown in Figure 13 , but the orbital  acceleration is also coupled

with the ball angular accelerations and the resulting slip velocities in the

ball/race coi~tact zone. The angular accelerations and velocities are shown,

respectively, in Figures 15 and 16. Once again both of the above frequencies

are pr2sent. The rotation about the transverse y axis denotes a gyroscopic

ro tation which generally dies out in time, for this particular case, as seen

in Figure 16. However, a definite spin velocity develops at the inner race,

as shown in Figure 17 and the bearing is not “outer race controlled ” as assumed

in most quasi—static simulations . Figure 17 also shows the variations in con—

tact lo~ids and angles.
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All the above dynamic variations couple , and they result in variations in

torque as seen earlier in Figure 11.

A comparison of the  above torque resul ts  w i t h  the exper imental  da ta  shows

that , al though the speed trends are in somewhat of an agreement , t h e  gener a l

predic ted  values are very much lower than those observed experimentall y.

However , it must be remembered that a valid comparison between the predicted

values and the experimental values is not possible in the absence of a true

traction model. Therefore, further discussion on this subject is postponed

until the later part of this section .

Simulations with Model 11 — (K = A = Constant)

A few s i m u l a t i o n s  are obtained w i t h  a cons tan t  f r i c t i o n  c o e f f i c i e n t  type of

model. The bearing operates at 60 rpm and wi th  a t h r u s t  load of 267N whi le

the ba l l / r ace  t r ac t ion  c o e f f i c i e n t s  are held f ixed  at 0.015 and 0.030 . The

torque var ia t ions  are shown in Figure 18. r t  is seen t ha t  both the  mean to rque

and var ia t ions  are much larger in these cases when compared wi th  the ear l ie r

simulations . In real dimensions the mean inner  race torques  per ba l l  are

approximatel y 1.65 x ~~~~ and 2.11 x NM , respect ively ,  for  the t r a c t i o n

c o e f f i c i e n t s  of 0.015 and 0.030 . For the to ta l  bearing w i t h  24 bal ls , the

net inner race torques wil l  be 0.040 and 0.051 NM . These values are wel l  wi th in

the range of experimental  va l ues shown in Fi gures 1 throug h 3.

The reason for  very large torque variations with constant friction coefficient

lies in the general nature of local slip variations in the ba l l/ race  contact

ellipse . As shown in Fi gure 19 , the t ract ive force is directly proportional

to the norma l load , but  the direct ion of the t rac t ive  force is determined by

the local slip vec tor .  It is found that in the inner race contact there are

two points of pure rolling (zero s l ip) ,  as shown in Fi gure 19 , and the local

slip changes direct ion at these points .  This is f a i r ly well known phenomenon

[131, but  the general problem has been to determine a real is t ic  value for the

position of the pure rol l ing points.  Since the computerized simulation of DREB

allows for the general accelerations of the ball , the exact posit ion of the

pure rolling points and the result ing t ract ions are determined in a transient

fashion and the integrations are advanced unt i l  a steady state is reached .
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It is clear that the net traction , and , hence , the torque , will depend on the
position of the points of pure roll ing and for a constant friction coefficient ,
a slight variation in these positions may result in large variations in torque , 

2
as seen in Figure 18. It should also be understood tha t the pure rolling points

continually change positions about a certain mean value , in the case of a con-

stant  fr ict ion coefficient . This mean value gives the  mean torque and the

variation results in the observed torque va r i a t ions .

From Figure 18, it is also seen that the value of the torque and variations
are very small for the outer race. This is due to the fact that the ball is

spinning re1~itive to the outer race and , therefore , the point  of zero s l ip  is

close to the center of the contac t ellipse. Hence , the net t r ac t ive  force

will, be small. This basically means that the bearing works almost in accor-

dance with the “inner race control” hypothesis .

The dominant frequency in the torque patterns of Figure 19 is about 10 kl’lz, and

it corresponds to the elastic contact  frequency [12] for the 267 N i oad . It

is expected that there will also be a low frequency component corresponding to

the kinematic frequency [12], but this is not seen in Figure 19 perhaps due to

the restricted length of the simulation.

Simulations with Model III — (c A — Bu)

A final simulation is obtained with a negative traction slip gradient super-

posed on a constant traction coeffic ient. Such a model may be feas ible with
cer tain metalli c contacts, and it could give rise to a stick—slip phenomenon
ill]. Once again , the torque variations are derived for  the detailed simula-

tion obtained with this model. The results are shown in Figure 20. Although

the general pattern of these results may look different from those in Figure

18, the variations are actually similar . The apparent differences are just

due to the d i f f e r e n t  scales on the time axis. The mean torque is also close

to the one with K = 0.030 in Figure 18. The obvious reason for these similar-

ities is the fact that the bearing operates with almost a constant f r ic t ion

coefficient, and it does not want to move down on the traction curve. It may

be expected that , if the bearing is subjected to large slip variations, such
as those due to large radial loads , then an increased stick—slip type behavior

will be seen.
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The Ana ly t i c a l  Versus Experimental  Torques

A comparison of the above analytical r e s u l t s  w i t h  the exper imenta l  da ta  pr t -

sented in the preceding sect ion lead to the fo l lowing  genera l  f i n d i n g s .

(1) Based on t h e  v a l i d i t y  of ba l l  drag m o d e l l i n g  in DREB , the genera l

speed dependence of the observed torques is in agreement with the

analytical results.

(2) The torque predictions with constant friction coefficient are closely

in range of the experimental data. In fac t , by careful selection of

the friction coefficient , anal ytical results very close to the

experimental ones may be obtained.

(3) A classical EHD type traction slope generally predicts very low

torques compared to the experimental observations . In fac t , for

very low slips and in the range of the available EHD traction data , for

a number of lubricants other than that used in the DMA bear ing ,  the

torque does not seem to depend strongly on the slope of the traction

curve . A pure EHD regime , therefore , seems unlikel y at least for the

high-speed and high load conditions which are examined above.

(4) The analytical results show an increased variation in torque as a r e s u l t

of reduced load on the bearing . This is not  seen in t~~e exper imental

data. However , consideration of point (5) below is essential in this

regard.

(5) Most of the frequencies observed in the torque patterns correspond to

the e l a s t i c  contac t and kinematic frequencies [12] of the bea r ing ,  which

are qu i t e  high (abou t 10 and 1 kHz , respectively) when compared with

the range of frequencies monitored in the experimental set-up [9].

The limited length of the analytical simulations , on the other hand ,

does not warrant  any conc lusions about the presence of low f requency

c omponents in the general torque  pa t t e rn s .

(6) Points (I) through (3) discussed above lead to the belief that the

t e s t  bea r ing  was o per a t i n g  in more of a boundary f r i c t i o n  regime than

thy c l a s s i ca l  EUD regime . Or perhaps , the operat ion was a mixed one .
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SECTION V

The extensive c a p a b i l i t i e s  of an advanced computer  program , D R EB , in  predi cting

t o r q u e  in DMA bear ings  have been found to he rca l i s t  i fo r  the DMA hearings.

Si nce a t rue  t r ac t ion  model for  the l u b r i can t  and o p e ra t i n g  conditions in the

bea r ing is n ot p r esent ly available , a n umber of t r a c t i o n  parameters  are ex-
pe r im en ted  w i t h  w h i l e  ob ta in ing  the a n a ly t i c a l  s i m u l at i o n s .  A f t e r  c om p ar i n g

t hese r e s u l t s  w i t h  the e x p e r i m e n t a l  da t a , i t  is concluded t h a t  a c o n s t a n t  f r i c t i o n

coefficient type of model seems to predi ct more agreeable torques. The e l a s t o —

hvdrodvnamic models w i l l  p red ic t  much lower torques than those e x p e r i m e n t a l l y

observed . Tb is leads te the conclusion tha t the hearing operat ion is more in

a boundary type friction or perhaps a mixed regime . The experimentally observed

speed dependence of the torque is in qualitative agreemen t with the analytical

predictions and any drag type a c t i o n  needs a careful attention in both the

analytical and experimental simulations.
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SECTI ON VI

RECO~~1ENDAT I0N S FOR FUTURE RESEARCH

A critical examination of the experimental torque data and the anal y t i c al re-

sults led to a number of recommendations for extended research.  It  is expected

tha t  the  fo l l owing  reconunendations will lead to the fulfillment of the general

objectives of improved DMA bearing design and the development of a realistic

analytical bear ing model.

(1) Since boundary type friction is expected in the DMA bearings , it  is

necessary that friction characteristics for such a contrac t be obtained

under very slow slip velocities. A concentrated contac t experiment

in the range of bearing operating parameters should be performed to

derive the necessary traction-slip model. Such a model will be a

significant input to a realistic analytical behavior of the bearing .

(2) Under certain conditions the bearing can operate in the elasto—

hydrodynamic (EHD) reg ime and , hence, the formulation of a realistic

EHD traction model is essential in order to predict bearing torque

under such conditions. The EHD traction model can be readily derived

from the conventional rolling disc type of concentrated rolling/sliding

contac t experiments. The experiments will once again be performed in

the range of the operating parameters of a typical DMA bearing .

(3) For purely thrust loaded applications the question of a successfu l

operation of a full complement (cageless) bearing is still open and

most questions are directed toward the collision of counter rotating

balls under imperfect geometrical and/or operating conditions. It

wil l , therefore , be hel pful to extend the capabilities of DREB to

include such collisions. A systematic sensitivity type analytical

investigation may then be undertaken to investigate the feasibility

of such a bearing .

(4) For the purpose of improving the predictive strength of an analytical

model , such as DREB , it may be very helpful if a few experiments are

run in the E}ID regime with a lubricant for which a traction model has

a l r ead y been obtained.  A MIL-L-7808 type oil will be a good candidate

for  such an invest igat ion.
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(5) Several improvements in the present apparatus for instrumenting DMA

bearings are essential. The primary fac to rs  requi r ing  a t t en t ion  are

the torque measuring device and i ts  mounting on the inner race.

Unlike the present set-up , any motion of the inner race must be

avoided. Another recommended improvement concerns the high frequency

responses. The elastic contact and kinematic frequencies have been

found in a l l  the anal yt ical  simulations, confirming their presence

in the experimental data will add to the valid comparisons between

the predicted and observed behavior . Some accelerometers can be

mounted on the inner race , and also the torque data can be processed

by the conventional spectral analyzers and most of the high frequency

content  can be measured .

(6) Elec trical resistivity type measurements will be helpful in establish-

ing the exten t of me tal con tac t in typical bearings . This can be

easily done by surface interaction measurement devices such as an

Asperitac~~.

~An inatrument made b y MTI to measure the electrical contact resistance

variations between sliding surfaces.
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