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ABSTRACT

The application of rolling element bearings for auxiliary
operation in magnetic bearing systems is quite common, yet
such operation is very different to that for which standard
bearings are designed. During initial touchdown of a spinning
rotor with an auxiliary bearing, rapid acceleration of the
bearing inner race results in large inertial and friction forces
acting on the rolling elements. Complex dynamic behavior of
the bearing assembly and resulting traction forces are difficult
to predict but, nonetheless, have important implications for
both rotor dynamic behavior and thermo-elastic behavior of the
bearing components. The aim of this work is to obtain an
insight into bearing behavior by analyzing component
interaction forces that would arise based on the assumption that
the overall bearing traction torque is dependent only on
instantaneous load, speed and acceleration. How such an
analysis can be verified by experimental measurements of
traction during rapid acceleration is discussed and some initial
experimental results are presented. The implications for
modeling and prediction of rotor-magnetic bearing system
behavior during touchdown are also discussed.

INTRODUCTION

A comprehensive model of the touchdown behavior of a
rotor in auxiliary bearings must incorporate a number of
complex and interacting modeling elements that describe
elasto-dynamic, thermo-elastic and tribological processes. A
problem with such complex modeling is that the accuracy of
individual model elements are difficult to verify and likewise
the causes of disparities with experimental findings are difficult
to pinpoint. The approach of this current work is to isolate a
single subsystem of a touchdown model, namely the rolling
elements of an auxiliary bearing and, through experiment and
theoretical analysis, develop a model for the traction

characteristics of the rolling elements during the initial spin-up
phase of the bearing operation. These traction characteristics
are critical not only for determining fictional losses within the
bearing but also the spin-up rate of the bearing and resulting
slip-velocity at the rotor-bearing contact, both of which
determine thermal conditions of bearing components. Once a
reliable model for the rolling elements has been established it
can then be incorporated within a complete model of an
auxiliary bearing that includes inner race, sleeve, shaft and
bearing support characteristics. A critical factor in the
determination of auxiliary bearing life is the temperature rises
due to frictional losses. Unless effective heat removal is
provided then excessive temperatures will lead to lubricant
deterioration, reduced fatigue resistance of contacting surfaces
and reduced clearances due to thermal expansion, all of which
lead to accelerated bearing failure. Thus it is important to
develop analytical tools for predicting the level of heat
dissipation required to maintain auxiliary bearing temperatures
within tolerable limits.

There is a scarcity of reports in the current open literature
that deal with behavior of auxiliary bearing components during
touchdown. Previous simulation studies on rotor touchdown
have focused instead on the dynamic behavior of the rotor and
have therefore employed simplified models of auxiliary
bearings that include stiffness and damping characteristics and
simplified traction models [1-4]. A prime concern in auxiliary
bearing operation is to avoid destructively high levels of rotor-
bearing interaction forces. Simulation and experiment has
shown that high interaction forces can occur when a rotor
undergoes initial bouncing motion or if the rotor enters into a
backward whirling state [5, 6]. Common conclusions are that
sufficiently compliant bearing mounts and low friction rotor-
bearing contact surfaces are the key to reducing peak
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Figure 1. Auxiliary bearing components during rotor
touchdown

interaction forces and avoiding backward whirl [1-6]. Other
factors, such as radial clearances, rotor unbalance levels and
flexural dynamics have additional influence on touchdown
response and detailed studies, by simulation or experiment,
would generally be required for each application [7-9]. To
avoid some of the problems associated with using standard
bearings for auxiliary operation some researchers have
developed alternative designs, such as those based on planetary
rollers or foil bearings [10].

Theoretical descriptions of rolling element auxiliary
bearings have treated contact deformations at ball-race contacts
combined with inner race flexibility to determine overall
bearing compliance and likely stress levels during operation
[11, 12]. Further work is needed if the effects of component
inertia and tribology are to be accurately described. Sun also
recognized the importance of thermal conditions within an
auxiliary bearing and undertook theoretical calculations of
temperature changes based on simulations of touchdown in a
flywheel system, coupled with a one-dimensional thermal
model of heat dissipation through the housing and shaft [13].
The results were used to compile performance indices for a set
of varied auxiliary bearing parameters. In his study, the values
adopted for bearing internal friction torque were based on
empirical formulas developed for steady-speed operation [14],
and therefore did not account for angular acceleration effects or
transient skidding of rolling elements. This paper describes
current efforts to develop models of bearing frictional forces
and energy losses that are more applicable to rapidly
accelerating bearings, and thus the modeling of auxiliary
bearings. The first part of this paper outlines the theoretical
foundation for the experimental work and proposed
measurement principle, while the second part described the test
rig and discusses some preliminary test data.

ROLLING ELEMENT DYNAMICS

Acceleration dependent bearing torque

The effect of rapid acceleration on bearing external forces
can be deduced from a preliminary analysis considering the
multi-body dynamics of an axially symmetric deep-groove
bearing having N balls and a separator (Fig. 1). Referring also

Figure 2. Contact forces acting on ball

to Fig. 2, the equation for rotational motion of the " ball (mass
m, and radius r) about its center of mass is

(T +T0 —F)) =,y @)
where 1, =2m,r?. The circulatory motion of each ball is
determined by the separator angular velocity @, and so the

equation for rotational motion of the ball about the bearing
center is

RT! —RAL+25)T + R+ 5)H; =mR*(1+5)* &, — I, (2)
where R is the inner race radius and s=r/R. The equation for
rotational motion of the ball separator (mass m;) is

—R(1+S)ZHJ. =m,R2(1+5)% &, ©)
]

Equations (1) and (2) can be summed over all balls and the
ball-separator interaction forces H; eliminated using equation
(3) to give
T'+TO-F =2m,sRY o, @)
J

T'—(@+25)T° = (Nm, +m,)R(1+5)? &, —%mbssza)bj (5)
i

Here, the bold face indicates summation over all balls e.g.

T' :ZTil . Thus, expressions for the total traction force
i

acting on the inner and outer race respectively can be obtained

as

21+9)T" =2mys(L+5)RY _ a,
i (6)
+(Nm, +m,)R(L+s)’ @, +(L+2s)F
2(1+$5)T° =2mysA+ )R ay,
j (@)
—(Nm, +m_)R@A+5)*a@, +F
If all the balls are rolling, the angular accelerations of the inner
race Q will determine the ball spin and circulatory motion
according to [14]:
@, =Q12(1+s) (8)
@, =QI2s 9)
and thus

2 Copyright © 2006 by ASME



0.07

0.06
steady-speed component
0.05| ]
£ o004} 1
=
2 -
§0-03’ acceleration component -

Q = 20000 rad/s?
0.02F —_—

0.01 S L Ll e

0 50 100 150 200
rotational speed Q (rad/s)

Figure 3. Predicted moment components at inner race

T' =(LNm, +im )RQ+LEEF (10)

2(1+s)

TO =—(ZNm, +im )RQ+ 5L F (11)

2(1+s)

This analysis indicates that measurement of the reaction torques
at the inner or outer race (given by RT' and (1+2s)RT°
respectively) should allow experimental determination of the
mean internal friction force F/N and thus the frictional losses
within the bearing due to acceleration. To calculate F would
require knowledge only of the bearing parameters, the current
acceleration rate Q and the reaction torque at either the inner
or outer race. These equations also provide base-values for the
traction torque developed during acceleration in a lossless
bearing (for which F = 0). Note also that the component of T°
due to acceleration is in the opposite sense to the components
due to friction, and thus it would be expected for bearing
acceleration to reduce the reaction torque measured at the outer
race, assuming frictional losses remain unchanged. It is also
worth remarking that for a bearing without a separator the
expressions for T' and T° have the same form as Eqs (10) and
(11) except that m, = 0 and the interpretation of F is altered,
now being the sum of ball-ball friction forces.

A main objective of this work is thus to determine, by a
combination of analysis and experimental testing, the
dependency of the bearing frictional losses on the instantaneous

Table 1 Test bearing data - 6005 series

Property Value Unit
Inner raceway radius R 14.5 mm
Inner race mass 24.24 g
Ball radius r 3.2 mm
Ball mass m, 1.04 g
Separator mass m; 4.66 g
Static load capacity Cq 5850 N
Test load W 100 N

Reaction force and torque

Figure 4. Traction torque measurement principle

loading and acceleration of the bearing i.e. F(Q,Q) for a
range of bearing types and loads.

Speed and load dependent bearing torque

For an accelerating bearing, the total moment acting on the
inner and outer race from the rolling elements may be
considered as a sum of steady-speed and acceleration
dependent components:

t, =M(QW)+RT'(Q,0) (14)

to = M(QW)+(1+25)RT°(Q, Q) (15)
Generally, the steady-speed component M can be written in
terms of separate speed dependent and load dependent
components:  M(QW)= M,(Q)+M,W). For an oil-
lubricated bearing, these two components of the resistive
moment can be calculated (in Nmm) from the empirically

derived formulas of Palmgren [14], which for a deep groove
bearing can be written
45107 (v ) **d3, vQ=209
® 7 1.6x107°f,d?, v Q<209
M, ~ f,Pd, 17
Here, v is the kinematic viscosity of the lubricant in mm?/s and
dn, is the mean bearing diameter in mm (d,, = 2R(1+s)). For the
deep-groove ball-bearing currently considered f; = 0.0009(P,
/Cy) and fy is a factor related to bearing type and lubrication
method but is typically in the range 1-4. If there is no preload in
the bearing then the effective load P; and equivalent static
bearing load P, may both be taken as the radial rotor contact
force W. C, is the bearing static load capacity.

Experimentally determined spin-up times for real
applications vary, but are typically of the order of 0.1-1 s,
which, depending on rotor speed, correspond to bearing
accelerations in the range 1000-50000 rad/s®. Fig. 3 compares
the speed dependent and acceleration dependent components of
the moment t, for various acceleration values, calculated for a
test bearing using equations (14) — (17) and the data in table 1.

(16)
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Figure 5. Auxiliary bearing test rig

These calculations assume that there are no additional
frictional losses due to the acceleration i.e. F = 0. The
data in Fig. 3 indicates that, for moderate acceleration
rates, the friction component of the bearing moment
would be expected to dominate over the inertial
component.

Predicting inner race acceleration
The spin-up rate of the bearing inner race under auxiliary
operation is dependent on the difference in traction forces
arising from ball-race and rotor-bearing contacts:
1,Q=R,uW —t, (18)
Here, I, is the moment of inertia of the inner race (and sleeve if
present), u is the coefficient for dynamic friction between the
rotor and bearing and Ry is the bore radius. It thus follows from
Eq. (10) and (14) that
1,Q=RyuW — (& Nm, +1m )R*Q

— 22 RF(Q,Q)-M(Q,W)

2(1+s)
If F(Q,Q) is known then this equation can be solved,
numerically or otherwise, to find Q for any given W and Q.

(19)

Experimental determination of frictional losses

It has already been shown that the reaction torque at the
fixed outer race is related to internal friction and acceleration
according to Eq. (11). It is therefore proposed to use the setup
depicted in Fig. 4 as a means to determine the acceleration-
dependent losses within an auxiliary bearing. The basic concept
is to measure the reaction torque t, during a controlled spin-up
with fixed load W. The inertial component of ty due to the
known acceleration can then be subtracted in order to determine
the losses.

If instantaneous accelerations cannot be determined then it
iS more appropriate to consider the energy losses over a
complete spin-up cycle. The total work done by the inner race
on the rolling elements during a complete spin-up may be
obtained from Egs (10) and (14) as
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Figure 6. Auxiliary bearing test rig - schematic design

[t Qut =1 G Nm, +4m )R]
0 - /

kinetic energy (20)

2(1+s)

4 pezs RjF(Q,Q)QdHIM(Q,W)th
0 0

~— —

——

frictional losses

where Qq is the final bearing speed at time 7. To obtain this
result, the rolling conditions (Egs (8) and (9)) need be assumed
only as final conditions. The first term on the RHS of this
equation is the total kinetic energy of the bearing components,
while the remaining terms correspond to the frictional energy
loss, which must be dissipated as heat. From Eqgs (11) and (15),
this may be expressed in terms of the outer race torque as

frictional _J~
energy losses

=1+ ZS)Itont +1(1+25)(E Nm, +2m )R’Q?

(21)

Again, the persistent rolling condition need not be assumed to

obtain this equation, except as a final state following spin-up.

Importantly, this formula may be used to calculate the total

energy dissipation within the bearing from measurements of Q
and the time-varying reaction torgue at the outer race to,

2(1+s)

125 (0, O)dt + j M (Q,W)Qadt

4 Copyright © 2006 by ASME



0.15

t, =0.027 + 0.003Q2 %
= o1} LN
Z . :.30‘ ,‘ -
[e) 0s S0
- v (]
A
: -
€ 0.05 & Cd |
2o
:3’
0 L L
0 50 100 150

rotational speed Q) (rad/s)

Figure 7. Bearing reaction moment t, at steady-speed

EXPERIMENTAL METHOD
A test rig for measuring bearing conditions under rapid
acceleration is currently under development (Fig. 5). The test
rig consists of two shafts connected by a clutch as shown
schematically in Fig. 6. The driven shaft is connected to the
flywheel side of the clutch, while the bearing under test is
situated on the overhung end of the non-driven shaft. During
testing, the clutch is first disengaged and the flywheel is driven
up to test speed by a DC motor connected through a V-belt and
pulley. When the flywheel reaches test speed, the clutch is
engaged, thus accelerating the test bearing to full speed. Motion
of the test bearing housing can be constrained by either a
vertical moment arm, to which strain gauges are mounted, or a
horizontal load cell, both allowing measurement of the torque
transmitted through the test bearing to the outer race during
acceleration. The load on the test bearing is fixed during tests
but can be changed by addition of weights suspended from the
housing. The speed of the bearing is monitored by an optical
pickup at the end of the shaft. The ultimate aim is to
incorporate sensors to measure transients in:

1) bearing speed

2) transmitted torque

3) ball-pass frequency (and thus ball orbital velocity )

4) bearing temperatures
Data acquisition can be achieved at total sample rates up to 42
kHz using a National Instruments USB6009 device.

There are three main phenomena associated with
acceleration of the bearing that will produce deviations of the
torque from steady-speed values:

1) inertia-related torque component due to angular

accelerations

2) friction related torque component due to acceleration

3) changes in torque due to ball skid @, <Q/2s and
cage slip @, <Q/2(1+5s)

4) temperature related changes in clearance and lubricant
properties
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Figure 8. Speed, acceleration and measured reaction
moment during bearing transient acceleration test 1

The third phenomena has not yet been discussed, but can be an
issue even for steady-speed running, when ball skidding and
cage slip occurs at high speeds if the bearing is not sufficiently
loaded. Note that the effect of (3), like (1), is to reduce the
torque acting on the outer race, while the effect of (2) is to
increase the torque. All three of these phenomena have
important implications for auxiliary bearing operation and
bearing life and it is thus desirable to be able to quantify the
degree of each effect. If ball skidding and cage slip is
eliminated then it is fairly straightforward to quantify the
friction and acceleration components of the measured bearing
torque, by comparing with steady-speed values. However, the
occurrence of phenomena (3) gives additional complications
that will be discussed in the next section.
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Figure 9. Speed, acceleration and measured reaction
moment during bearing transient acceleration test 2

Preliminary results
To date, initial tests have been performed on a test bearing for
low speed and light loading conditions. Improvements still need
to be made in terms of torque measurement accuracy
(particularly the dynamic response of the torque sensor) and so
the current test results are interpreted qualitatively, rather than
used for precise quantitative analysis. Sources of errors in the
measurements of the torque acting on the outer race include:
1) Electrical noise and interference in the strain gauge
circuit
2) Lateral vibration disturbances that cause deflection of
the load cell, the main vibration component being
synchronous with the rotational frequency

angular acceleration Q' (rad/s?)
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Figure 10. Speed, acceleration and measured reaction
moment during bearing transient acceleration test 3

3) The dynamic response (i.e. settling time) of the torque
sensor, which is influenced by inertia of the bearing
housing and damping and compliance of the moment
arm/load cell

For standard measurements of steady-speed frictional torque,
errors (1) and (2) can be eliminated by time averaging, while
error (3) is not an issue. However minimization of these errors
is critical when rapidly changing transient torques need to be
accurately determined, as is the case for the auxiliary bearing
tests. An inherent difficulty with achieving this is that high
sensitivity force measurements requires a compliant load
cell/moment arm, but this unavoidably lowers the natural
frequency and thus settling time of the sensor.

Tests were performed on an unsealed grease lubricated

6005 series bearing to determine steady-speed and acceleration
behavior. The bearing was mounted with shaft and housing
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interference (nominally 12 xm) sufficient to induce a small
amount of preload on the balls. A degree of preload is desirable
in auxiliary bearing applications in order to minimize ball skid
when rotor contact forces are low. The torque measured at the
outer race during a gradual coast-down from 150 rad/s is shown
in Fig. 7. These results can be directly compared with the
predictions in Fig. 3. The characteristics of the speed-dependent
friction curve closely match the form of the empirical model,
although the level of friction in the bearing is somewhat higher
then the predictions, possibly due to the recent application of
grease to the bearing.

The results of three tests involving torque measurements
during rapid acceleration are shown in Figs. 8-10, with peak
accelerations of approximately 1300, 7200 and 11500 rad/s®
respectively. With due allowance for the inherent settling time
of the torque sensor (~ 0.1 s), an underlying trend can be
identified in the torque transients during the three tests. Note
that for each plot of the torque response the corresponding
steady-speed value has been included in the figure, calculated
from the results in Fig. 7. During the initial acceleration of the
inner race the torque level is significantly below the
corresponding steady speed values. After an approximately 0.2-
0.3 s delay, which is well after the inner race has attained full
speed, the torque approaches steady-speed levels. However, the
measured torque then drops over the next 3 — 4 s to levels that
are significantly below steady-speed measurements.

These results were unexpected, but with consideration of
the earlier analysis, an initial hypothesis can be made. The two
phenomena, as previously identified, that tend to reduce the
reaction torque at the outer race during acceleration are inertial
effects and ball-skidding i.e. gross sliding at the ball-race
contacts. The initial levels of bearing torque may be partly
attributed to the acceleration of the bearing components,
although according to the predictions in Fig. 3 the influence of
inertial forces on total torque will be slight. The implication of
the prolonged transient is that, under these test conditions, the
balls and separator never attain full rolling velocities and
persistent skidding of the balls must be occurring. The torque
transients thus point to the conclusion that although the inner
race reaches full velocity over 0.02-0.2 s, the balls and
separator continue to accelerate to their final velocity over 3 — 4
s. The low level of the final steady-speed torque (as compared
with the steady-speed value in Fig. 3) is also indicative that
once gross sliding begins then the bearing is unable to recover
from this state.

These results, though qualitative, are significant in that
they appear to confirm a propensity for prolonged skidding
following high acceleration conditions. Of course, in real
auxiliary bearing operation the load on the bearing is time-
varying and the acceleration of the inner race is dependent on
the balance of traction forces transmitted from the rotor and
balls, in accordance with Eq. (18). Whether ball skidding would
occur over a complete rotor impact cycle must be confirmed by
further testing with a full range of bearing loads and
acceleration rates.

Further aims

The preliminary results that have been presented indicate
that ball skidding and cage slip are important factors in the
operation of the auxiliary bearing. Previous studies of skidding
in bearings have generally considered angular contact bearings

under steady-speed conditions when the main contribution to
ball skidding is from gyroscopic forces [15, 16]. A more
relevant experimental study by MacMarsky and Hewko
investigated skidding in a jet engine roller bearing. It was found
that significant cage slip (down to 35% of rolling velocity)
occurred under light loading conditions and over an
intermediate speed range (0.5-2.5 million DN) [17]. Ball
skidding tends to occur at the inner race while rolling contacts
are maintained at the outer race due to centrifugal ball loading.
A decrease in outer race temperature could be correlated with
the degree of cage slip and attributed to the fact that rolling
contacts are maintained at the outer race but at reduced
velocities. However an increase in temperature was measured at
the inner race where gross sliding occurs. The authors also
found that cage slip could be significantly reduced with
application of a high traction lubricant. Whether high traction
lubricants can provide improvements in rolling element
auxiliary bearing performance may be worthy of investigation.
Further development of the test rig is thus focused on the
addition of sensors to measure ball velocities and bearing
temperatures. With additional data on ball velocities it will be
possible to more accurately determine frictional losses within
the bearing and also correlate these with temperature transients.

CONCLUSIONS

This paper has described a methodology for the
experimental identification of the traction characteristics of
rolling element bearings under rapid acceleration. The proposed
technique allows determination of the acceleration rate and
frictional losses that would occur when the bearing is used for
auxiliary support in a magnetic bearing system. The ultimate
aim is to use the empirical data to develop improved models of
auxiliary bearing dynamic behavior and thus allow more
systematic methods of bearing selection. The resulting models
should also enable more accurate simulation of rotor response
behavior during touch-down.

The ongoing development of a test rig has been described
and some of the difficulties inherent in the measurement
techniques have been identified. Preliminary experimental
results have been presented and indicate that significant levels
of ball skidding and cage slip may be occurring in the bearing
both during and after spin-up of the inner race. This has
motivated further development of the identification methods to
allow determination of instantaneous ball velocities and race
temperatures. The outcomes of these further endeavors will
form the basis of future reports.
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