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In this work, a comprehensive analytical model is established to study the performance of the bearings of a helicopter high-
speed-input gear shaft. The high-speed shaft, rotating above 15,000 rpm, transmits power to the second stage through a bevel
gear that is straddle mounted by a duplex ball bearing and a cylindrical roller bearing. The effects of centrifugal forces, the
change of bearing internal clearances due to interference fits, and uneven thermal expansions are studied in the outlined
approach. Then the influence of temperature elevations (that may arise due to inadequate cooling) on the performance of
high-speed bearings is explored by employing the proposed model. This study emphasizes that bearing internal clearances are
very critical in assessing the performance of the high-speed system and optimal manufactured bearing clearances are greatly
dependent on the operating conditions. Thus, a bearing internal clearance optimization study is carried out considering
a broad range of operating temperatures. This optimization study provides “operation condition maps” for high-speed
bearings and guides the designer for the optimal selections of bearing clearances by considering different conditions.

Nomenclature

Ao unloaded distance between inner and outer curvature
centers, mm

D rolling element diameter, mm
Df fit diameter, mm
Do outer fit diameter, mm
dh housing outer diameter, mm
di, do raceway groove diameters, mm
dm pitch diameter of the bearing, mm
ds shaft bore diameter, mm
d1 outer body OD of the fitting body 1, mm
d2 inner body ID of the fitting body 2, mm
E elastic modulus, Pa
F bearing load vector
Fc centrifugal force, N
I interference between fitting parts, μm
Kn Hertzian stiffness constant. N/mmn
L10 bearing L10 life, h
l roller length, mm
n load-deflection exponent (1.5 for ball; 1.11 for rollers)
nm rotational speed of the high-speed shaft, rpm
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Pd radial clearance, μm
p contact pressure between fitting parts, Pa
q bearing deflection vector
R pitch radius, mm
T temperature, ◦C
Z number of rolling elements
αo unloaded contact angle, deg
� coefficient of linear thermal expansion, m/m·◦C
δr radial deflection of the rolling element, mm
δz axial deflection of the rolling element, mm
υ Poisson’s ratio
ψ azimuth angle, deg

Subscripts

a ambient
e rolling element
h housing
i inner ring
j rolling element (ball or roller) index
k bearing index (k = 1,2,3)
o outer ring
r radial magnitude
s shaft
x, y radial directions
z axial
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1 fitting body 1 (hole)
2 fitting body 2 (shaft)

Introduction

The design of high-speed bearing systems for aerospace applications
is a challenging problem that requires reconciling many demanding, even
conflicting design criteria. As being the most critical components of the
high-speed stage, rolling element bearings face several challenges during
their operation, some of which are listed as follows:

1) At high speeds, centrifugal effects become critical (particularly for
all-steel bearings) generating considerable loads and increased contact
stresses at the bearing outer raceway.

2) Centrifugal effects force the rolling elements to the outer race,
thus, outer contact angle shrinks and inner contact angle expands for an
angular contact bearing. This disrupts the colinearity of the contact line
and causes instability and increased vibration.

3) Increased skidding and wear of rollers.
4) Excessive friction and heat generation at the raceways (especially

for all-steel bearings).
Owing to the large amount of heat generation at the raceways and

being in the vicinity of powerful heat generators (i.e., engines), high-
speed shaft and bearings may reach undesired operating temperatures if
the cooling conditions are not ideal. Such high-temperature levels affect
bearing fits, internal clearances, and oil film thickness. Consequently, sig-
nificant elevations in bearing contact stresses, increased wear, increased
risk of crack initiation and fracture, and dramatic reductions in bearing
life may be expected. To overcome such complex and interdependent
challenges, high-speed bearings of helicopter transmission systems must
be mindfully designed.

The strength and durability of high-speed bearings in helicopter trans-
mission systems has been an area of interest for helicopter companies and
researchers in the field (Refs. 1–5). These studies, however, are mostly
concerned with the design of high-speed bearings and do not focus on
the effects of temperature elevations and its consequences of high-speed
bearing performance. In the field of machining and manufacturing, nu-
merous thermomechanical models have been proposed (Refs. 6–8) to
investigate the thermal performance of high-speed bearings, though it
is usually difficult to generalize these methods for other applications
without precise knowledge of thermal characteristics of the system.

This study outlines a comprehensive analytical approach for a high-
speed bearing system that takes the effects of centrifugal forces and
high operating temperatures into consideration. By utilizing the outlined
mathematical model, the influence of temperature increases within the
system (due to poor cooling or any other reasons) on the performance of
high-speed bearings may be observed. This examination will point out
that the optimal clearance of high-speed bearings is greatly dependent
on the operating conditions. Thus, this work also introduces an opti-
mization study of the bearing internal clearance of high-speed bearings,
showing that the manufactured internal clearance of the bearings should
be carefully selected considering potential operating conditions of the
system.

Scope, Assumptions, and Objectives

A two-dimensional (2D) schematic of the high-speed pinion-shaft
investigated in this study is presented in Fig. 1. The high-speed shaft ro-
tates above 15,000 rpm and transmits power to the second stage through a
bevel gear that is straddle mounted by a duplex ball bearing arrangement
and a cylindrical roller bearing (CRB), which is integral with the shaft.
The duplex arrangement consists of an angular contact (ACBB), and a
three-point contact (3 PCB) ball bearing; so that the unit provides suffi-

Fig. 1. 2D illustration of a generic helicopter high-speed shaft sup-
ported by a duplex tandem ball bearing and a CRB.

cient rigidity against moderate-heavy axial gear loads, yet it can support
thrust loads in the opposite direction with minimal weight addition to
the system. The high-speed bearings are made of VIMVAR M50 steel.
Housing is made of cast aluminum alloy and being cooled by external
airflow. Bearings are mounted on steel liners that are tightly fitted into the
housing. It is assumed up to a maximum 1200 HP is transmitted through
the shaft, and bearing performances are evaluated using a representative
continuous power load case. The bearings are lubricated and cooled by
an ester-based, high-viscosity index, synthetic oil.

In this study, the effects of transient loading and torque reversals are
neglected and steady-state loading is assumed. Under constant thrust
load, 3 PCB (bearing 1) functions similar to ACBB and shares the thrust
load with bearing 2; thus, the unit is treated as a duplex tandem ball
bearing configuration. Contact angle and internal details of these two
bearings are identical. Owing to uneven thermal expansion of the parts,
the bearings acquire thermal preloads during the operation; these effects
are included in the model. These thermal preloads may cause excessive
friction and unstable temperature rise. If the cooling is inadequate, the
contacting metal parts can be a subject of “temperature rise–uneven
thermal growth of metal parts–increased friction–further temperature
increase” loop, which could have catastrophic results. This is a primary
reason bearing operating clearance is very critical, particularly when
extreme conditions such as no oil running are considered.

This study assumes that there is always some liquid lubricant exists
between the contacting metal parts, either in the form of thin film, partial
or full film elastohydrodynamic lubrication (EHL). The effects of insuf-
ficient or ineffective lubrication are expressed in terms of temperature
elevations; as well as included in “lubrication factor” (a3) for bearing life
calculations. The analytical investigation of “no oil” condition is beyond
the scope of this study, as dry running condition requires special thermal
analyses, and bearing life calculations are not valid under this condition.

Radial thermal expansion of the shaft, bearing rings, rolling elements,
and the housing are incorporated in the analytical model. However, the
axial thermal expansion of the shaft is neglected as the axial load-carrying
(tandem ball) bearings are located side by side. The cylindrical roller lo-
cated at the end allows free axial elongation of the shaft and compensates
any thermal stresses.

This study does not aim to predict the operating temperatures of the
rotating parts; because even the well-established and sophisticated ana-
lytical or finite element thermomechanical models may yield inaccurate
results without precise knowledge of the thermal characteristics of the
system, which is usually obtained by field experience or testing. In this
study, a temperature rise model representing a severe level of insuffi-
cient cooling is utilized based on earlier experience and assumptions.
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According to this model:
1) The normal (initial) temperature difference between the inner and

outer races of high-speed bearings is 15◦C (where Ti = 90◦C; To =
75◦C). This is a typical temperature gradient for the high-speed-input
stage where the housing is cooled by external airflow. The temperature
of the oil and rolling elements is assumed 85◦C at this condition.

2) The outer ring of the bearings has the same operating temperature
with the housing; similarly, bearing inner rings have the same operating
temperatures with the high-speed shaft.

3) The temperature rise of the system occurs in such a way that for
every 15◦C increase of the shaft (and inner rings), the temperature of
the housing (and outer rings) rises by 9◦C (i.e., 5�Tout = 3�Tin). The
main reasons for this differential are the large heat capacity difference
between the housing and the shaft (i.e., the heat capacity of the hollow
shaft is much smaller than the heat capacity of the housing so that the
temperature of the shaft increases faster), and the fact that housing is
being cooled by an external airflow.

4) For every 15◦C increase of the shaft, the temperature of the oil
and rolling elements rises by 14◦C. As the generated heat flows radially
outwards, oil and the rolling elements are expected to have an interme-
diate temperature between inner and outer rings. However, as they are in
contact with points of heat generation, the temperature increase of the
oil and rolling elements is only slightly less than that of the inner rings.

5) The ambient temperature (Ta) at which the parts are mounted is
accepted as 20◦C.

Previous research (Ref. 6) has shown that the “softening” effect of
very high speeds on bearing stiffness is usually negligible compared to
bearing stiffness increase due to uneven thermal expansion of the bearing
parts. Therefore, it is assumed that high speeds do not affect the stiffness
of the bearing alone. System and rotor dynamics aspects of the problem
and vibration characteristics of the high-speed system are beyond the
scope of this study. The specific objectives of this study are listed as
follows:

1) Develop a comprehensive analytical model for the high-speed
shaft-bearing system by taking high-speed effects, temperature vari-
ations, mounting and thermal expansion effects, and bearing internal
clearance reductions into consideration.

2) Utilize the developed model to investigate the effects of tempera-
ture elevations on the performance of high-speed bearings of a concept
helicopter gearbox.

3) Using the developed model, carry out a clearance optimization
study for the high-speed bearings to determine the ideal manufactured
clearances considering different operating conditions.

Analytical Model

High-speed shaft and bearings

A schematic of the analytical model of the high-speed system is
shown in Fig. 2. In this model, the high-speed shaft is modeled as a
finite element Timoshenko beam, and the bearings are represented as
five-dimensional nonlinear stiffness elements with cross-coupling terms
but no torsional stiffness. The gear mesh forces are applied as a point
load on the shaft to the center of gear face width, which consist of radial,
axial, and moment loads.

Multidimensional, nonlinear load-deflection characteristics of rolling
bearings define the boundary conditions for the shaft (and hence, non-
linear spring terms for the bearings). If Fk = {F k

x F k
y F k

z Mk
x Mk

y } and
qk = {δk

x δk
y δk

z βk
x βk

y } respectively represent the five-dimensional load
and displacement vectors of the kth rolling element bearing (k = 1, 2, 3),
the relationship between two can be established by considering the elas-
tic deformation between each rolling element and bearing races; and this

Fig. 2. Schematic illustrating the mathematical model of the high-
speed shaft system presented in Fig. 1.

relationship is defined by Hertzian contact theory (Refs. 9–11). For ball
bearings, this can be written in the expanded form as shown in Eq. (1).
Here, δk

rj and δk
zj denote the radial and axial deflections of the j th rolling

element of the kth bearing and can be expressed in terms of the elements
of qk as given in Eqs. (2) and (3) (refer to the Nomenclature for all other
symbols):
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Similarly, the load-deflection relationship for roller bearings can be writ-
ten in the following form:
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Equations (2) and (3) may also be used for roller bearings to express
δk
rj and δk

zj . The nonlinear iterative problem of the Timoshenko beam
with such boundary conditions is solved by a “trust-region-reflective”
optimization algorithm as described in Ref. 12.

Fitting and thermal expansion effects

As relatively heavier loads are involved in the application, both inner
(if exist) and outer rings of high-speed bearings are mounted with a cer-
tain interference to reduce resilience, vibrations, and rattle. The amount
of interference between fitting parts before any thermal effects is given
by Eq. (5) (Ref. 13):

I = pDf

{
1

E1

[
(d1/Df )2 + 1

(d1/Df )2 − 1
+ υ1

]
+ 1

E2

[
(Df /d2)2 + 1

(Df /d2)2 − 1
+ υ2

]}
(5)

A variation in the thermal expansion coefficients between the fitting
parts can affect the fit during the operation. As the coefficient of linear
thermal expansion for aluminum is greatly higher than that of steel
(23 vs. 12 μm/m ·◦ C), there is a risk of loss of the desired fit at the outer
ring housing interface at high operating temperatures. This is especially a
significant problem for the ringless CRB, which could result in looseness
and excessive shaft deflections. Using a heavy interference fit for the outer
ring is not a desired solution because it causes negative bearing internal
clearance at the mounting temperature. An effective solution to overcome
this problem is the utilization of steel liners between the housing and
outer rings as illustrated in Fig. 3. In this case, a heavy interference fit is
ensured between the liner and housing to prevent the separation even at
the highest housing temperatures. Table 1 shows the interfaces that exist
in the high-speed system along with their tightness level.

Fig. 3. Schematic illustrating the fits of high-speed bearings along
with their operating temperatures.

Table 1. Interference fit levels of the high-speed bearings

Interface Bearing Type Interference Tightness

Shaft–inner ring (I i ) Duplex ball Medium
Roller –

Outer ring–liner (I o) Duplex ball Light
Roller Light

Liner–housing (I h) Both Heavy

To determine the minimum amount of interference at the liner-housing
interface, Eq. (6) may be used. To maintain the interference Ih −�Ih > 0
must be satisfied:

�Ih = (�h − �o) Do (To − Ta) (6)

Manufactured, mounted, and operating clearance

Manufactured clearance of rolling element bearings is affected by
shaft and housing mounting and uneven thermal expansion of the bearing
parts. The change of bearing internal clearances due to inner (�s) and
outer fits (�h) is calculated according to Eqs. (7) and (8) (Ref. 13):

�s = −2Ii(di/Di)[
(Di/di)

2 − 1
] {[

(di /Di )2+1
(di /Di )2−1

+ υb

]
+ Eb

Es

[
(Di/ds )2+1
(Di/ds )2−1

+ υs

]} (7)

�h = −2Io(Do/do)[
(Do/do)2 − 1

] {[
(Do/do)2+1
(Do/do)2−1

+ υb

]
+ Eb

Eh

[
(dh/Do)2+1
(dh/Do)2−1

+ υh

]}
(8)

Symbols used here are consistent with Eq. (5), and negative results
correspond to the reduction in bearing clearance. The calculated bearing
clearance before any consideration of the thermal effects is the “mounted
clearance.” The change of bearing internal clearance due to thermal
expansion effects are then calculated as

�T = �b [do (To − Ta) − di (Ti − Ta) − 2D (Te − Ta)] (9)

Here the terms inside the brackets correspond to clearance change due to
radial expansion of outer ring, inner ring, and rolling elements. As seen
from Eq. (9), the expansion of outer ring extends the bearing clearance,
whereas expansion of inner ring and rolling elements tend to diminish it.
If operating temperatures of these three parts are equal (i.e., To =Ti =Te),
the net change of the internal clearance is zero regardless of Ta since
do =̃ di + 2D. However, typically Ti > Te > To; thus, �T is negative,
which corresponds to a reduction in bearing internal clearance. When
�T exceeds the mounted clearance, internal clearance of the bearing is
completely diminished and the bearing starts to acquire thermal preloads.
The net change in diametral clearance as a result of interference mounting
and thermal effects is expressed with

�Pd = �T + �h + �s (10)

It should be noted that, in addition to the nature of Hertzian contact,
bearing clearances are the primary source of nonlinear behavior of rolling
bearings and have a key role on the load share among the bearings, as well
as on the internal load distribution of each individual bearing. Therefore,
maximum care should be taken during design to ensure an appropriate
operating clearance. To minimize bearing stresses and attain optimal
bearing lives, ideal load distributions among rolling elements must be
achieved and preserved. This is accomplished by optimization of bearing
internal clearances, which is discussed more in detail in the Clearance
Optimization Study section of this article.

Influence of centrifugal effects

In high-speed bearing systems, centrifugal effects are another major
factor influencing the internal load distribution of the bearings. At high-
speeds, rolling elements apply considerable centrifugal loads (propor-
tional to the square of the rotational speed) and cause increased contact
stresses on the outer race. In addition, as rolling elements of an angular
contact ball bearing are forced toward the outer ring, bearing contact
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Fig. 4. Angular contact bearing under the effect of centrifugal forces.

line loses its collinearity, and the outer contact angle (αo) of the bearing
shrinks and inner contact angle (αi) expands as shown in Fig. 4.

Using the conditions of equilibrium and assuming bearing rings are
not flexible, Fo and αo, can be determined as follows (Ref. 14):

αo = cot−1

(
cot (αi) + Fc

Fia

)
(11)

Fo =
[

1 +
(

cot (αi) + Fc

Fia

)2
]1/2

Fia (12)

where

Fc = π 3ρ

10,800g
D3n2

mdm (13)

defines the centrifugal load. If the expansion of the inner contact angle (or
the shrinkage of the outer contact angle) is excessive, the risk of ellipse
(contact area) truncation arises. To avoid this risk, the initial contact
angle, shoulder height, and the conformity of the ball bearings should be
properly selected for high-speed systems.

For the CRB, the centrifugal forces generated by rollers on the bearing
outer race are determined as

Fc = 3.39 × 10−11 D2n2
mdml (14)

Analysis and Discussion

The temperature elevation model of the high-speed system is pre-
sented in Fig. 5. Slopes of the curves are in consistence with the temper-
ature rise model explained earlier (all results will be presented against
the housing temperature after this point)

Figures 6(a) and 6(b) illustrate the variation of bearing radial clear-
ances for the ball and roller bearings, respectively. The contact angle of
the angular contact ball bearings depends on the radial clearance, and the
operating contact angle (before any centrifugal effects) decreases with
reducing radial clearance. CRBs, however, are manufactured with a cer-
tain amount of radial clearance (termed as “manufactured clearance”).
In this case, the manufactured clearance is accepted as 20 μm (this is

Fig. 5. Temperature elevation model of the high-speed system.

Fig. 6. Variation of bearing radial clearances with respect to operat-
ing temperature.

close to C2 clearance class, which is 17.5 μm for a bearing of this size).
This relatively small clearance amount is selected as it provides a favor-
able internal load distribution within the roller bearing by loading higher
number of rollers so that the maximum contact stresses on the bearing
rings are reduced under ideal conditions. Owing to interference fitting,
this clearance is reduced by about 5 μm (to 15 μm); this is the “mounted
clearance” of the CRB at 20◦C. The internal clearance is further reduced
during operation due to uneven thermal expansion of the bearing parts.
The variation of the operating clearance with temperature is shown (with
marked curve) in Fig. 6(b). As seen, when Th ≈ 85◦C, the radial clear-
ance of the CRB is completely closed and the bearing starts to acquire
thermal preload in the radial direction.

Figure 7 demonstrates the rise of the maximum contact stress of
all three bearings with increasing operating temperature. It is observed
that the contact stress of bearing 1 (3PCB) remains relatively flat and
the change is relatively insignificant compared to other two bearings.
The peak contact stress of bearing 2 (ACBB) shows a steeper elevation
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Fig. 7. Rise of the maximum contact stresses on the bearing raceways
with increasing operating temperature.

especially above 100◦C and approaches 2000 MPa at higher tempera-
tures. Bearing 3, on the other hand, shows a different behavior, where
the contact stresses remain fairly flat up to 110◦C. At this temperature,
the operating clearance of the bearing is about −5 μm; showing that the
CRB is able to tolerate slight amount of negative operating clearance.
Above 110◦C, however, the maximum contact stress on the raceways rise
extremely rapidly (from 1400 MPa to above 1900 MPa), which confirm
that a negative operating clearance for the CRB is absolutely not tolerable
unless it is very small. Another observation here is a negative operating
clearance for the CRB influences the performance of the high-speed
system (both on individual bearing and system level) significantly more
than the thermal effects induced on the angular contact ball bearings.
This is because of the nature of these two different types of bearings.
In case of uneven thermal expansion of bearing parts, angular contact
ball bearings in tandem configuration have reduced radial clearance (and
contact angle) to alleviate the high contact stresses; whereas a CRB has
to operate under negative operating clearance if the temperature differ-
ential between expanding parts is significant. The results presented here
are for a continuous power load case; under extreme loading conditions,
the contact stresses on the raceways could look much more dramatic with
such high thermal preloads applied on the bearings.

Basic life calculations of the bearings, as shown in Fig. 8, are consis-
tent with the contact stress results. Here, basic L10 lives of the bearings
are calculated according to ISO/TS 16281 (Ref. 15), considering the
effects of internal load distribution, misalignments, bearing tilting mo-
ments, and internal clearances. Dramatic reduction in bearing life for the
CRB above 110◦C is due to rapid increase of the contact stresses.

The increase in the operating temperature does not only influence
the bearing performance by diminishing internal clearances, but it also
considerably affects the lubrication characteristics because of reduced oil
viscosity. Modified L10 lives of the bearings are calculated incorporating
the life adjustment factors:

L10m = a1 a2a3L10 (15)

Here, the reliability factor (a1) is “1” (for L10 life), the material and
processing factor (a2) is selected according to Refs. 16 and 17, and
VIMVAR M50 steel provides a significant boost to bearing life. The
lubrication factor (a3) is strictly dependent on the oil film thickness
parameter (�), defined as the ratio of the minimum film thickness to
average surface roughness of the contacting metal parts. Common EHL

Fig. 8. Reduction in basic L10 life of system bearings with increasing
operating temperature.

theory (as explained in Ref. 14) is utilized to calculate the minimum
film thickness. The variation of � and a3 are shown in Figs. 9(a) and
9(b). As seen, the lubrication factor drops sharply up to Th = 120◦C
due to reducing film thickness. Beyond this temperature, a3 remains
relatively flat at 0.15. At this point, lubrication conditions are extremely
poor (� � 1); significant metal-to-metal contact occurs as the surface
asperities of the contacting parts are higher than the oil film thickness. The
variation of bearing life factors (product of a1a2a3), against the operating
temperature, is given in Fig. 9(c) for ball-and-roller bearings. As seen,
life factors as high as 12 under ideal operating conditions dramatically
drop to 0.81 under unfavorable operating conditions.

With the consideration of lubrication effects, reduction in bearing
lives with increasing temperature becomes even more dramatic. This is
shown in Fig. 10, where modified L10 lives of all three bearings are
plotted against the operating temperature. As seen, the modified L10 life
of CRB reduces from 95,000 to 284 h, as a combined result of negative
operating clearances and poor lubrication conditions.

Clearance Optimization Study

In the preceding section, it is shown that the performance of the high-
speed system is greatly affected by the operating clearance of the CRB,
which is dependent on the bearing manufactured clearance, interference
tightness, and the temperature distribution across the bearing. It turns
out that the operating clearance of the CRB is not only critical for the
individual performance of the bearing, but it influences the performance
of other two bearings by affecting system deflections and load distribution
among bearings. It is also observed that the thermal preloads induced on
the CRB are more critical than those induced on the ball bearings since
negative operating clearance for a CRB is never desired.

These observations highlight the necessity for an attentive selection
of bearing manufactured clearance that will not only yield satisfactory
results under ideal situations; rather, which makes the bearing perform
well over a broader range of operating conditions. To achieve this, this
section introduces a clearance optimization study for the CRB consid-
ering a broad range of operating conditions. Results of the study are
presented in terms of operation condition maps that clearly point out the
desired and undesired clearance zones for the CRB at different operating
points.
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Fig. 9. Variation of (a) film thickness parameter, (b) lubrication fac-
tor, and (c) life factor for ball and roller bearings of the high-speed
system with increasing temperature.

Fig. 10. Reduction in modified L10 life of system bearings with in-
creasing operating temperature.

Cylindrical roller bearing

A full factorial optimization routine is run by varying the CRB man-
ufactured clearance from 0 to 60 μm with 5 μm increments. For each of
these data points, the mounted clearance is first calculated assuming a
light interference fit of the outer ring to the liner. Then, for the 11 operat-
ing points (shown in Fig. 5), operating clearance of the CRB is calculated;
this way a 143 element (11 × 13) operating clearance matrix is formed.

Fig. 11. Maximum contact stress map of CRB for different manu-
factured clearances and increasing operating temperature.

Fig. 12. Basic L10 life map of CRB for different manufactured clear-
ances and increasing operating temperature.

At each of these points, maximum contact stresses on bearing raceways
and basic L10 life of the bearings are calculated according to Ref. 15.
Modified L10 lives of the bearings are also determined based on Eq. (15)
by incorporating material, heat treatment, and lubrication effects.

Maximum contact stress, basic L10, and modified L10 life maps for
the CRB are presented in Figs. 11–13, respectively. In each of these
plots, white and light gray areas represent the desired operating zones,
whereas black and dark gray areas correspond to dangerous zones that
should be avoided. Moderate gray tones represent the areas of transition
from acceptable to unacceptable. For consistency, a reverse color scale
is used in contact stress versus life plots.

Figure 11 illustrates the maximum contact stress map for the CRB
for varying manufactured clearance and operating temperature. It is seen
that a low manufactured clearance (about 10 μm) gives considerably
low contact stresses under ideal operating temperatures, by distributing
the bearing load to higher number of rolling elements. However, when
the temperature exceeds a certain value, such low clearances are not
favorable anymore, and bearing raceways are subjected to excessive
contact stresses. A larger manufactured clearance such as 40 μm, on the
other hand, gives acceptable contact stress levels for a broad range of
operating temperatures. This indicates that selecting the normal clearance
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Fig. 13. Modified L10 life map of CRB for different manufactured
clearances and increasing operating temperature.

class (CN), which correspond to an internal gap of 37.50 μm for a bearing
of this size, is safer than selecting a tighter clearance class, such as
C2 (17.50 μm), when a wider range of operation points is considered.
Looser fits such as C3 (57.50 μm) and above are clearly not appropriate
selections for this application as corresponding stress, and life results are
poorer than those of the CN class in the entire operation range.

The significance of manufactured clearance on bearing performance
can be more clearly observed on basic life results as shown in Fig. 12.
Again, it is seen that an internal clearance as low as 10 μm gives the
longest bearing life under ideal operating conditions (Th = 75◦C, denoted
by point A). However, as soon as the temperature increases to 100◦C
(point B), basic life results immediately enter into the dark gray–black
zone. For higher temperatures, such as Th = 140◦C, the bearing life is
only 300 h (point C). Conversely, when a 40-μm manufactured clearance
is selected, the bearing life remains in the light gray zone for all these
three operation points (points A′, B′, and C′). Even at Th = 140◦C, basic
L10 life is calculated as 5100 h (point C′).

With the consideration of material and lubrication effects, modified
L10 life maps of high-speed bearings are similarly generated; Fig. 13
illustrates this map for the CRB. With the incorporation of the effects
of special aerospace steels, bearing lives are greatly improved under
ideal operating conditions (i.e., between Th = 75−100◦C). In this area.
bearing lives reach as high as 100,000 h (practically infinite). Though to
highlight the life range of interest and observe the transition zones, the
maximum value of the color scale is limited to 9000 h for this figure.
Here, it is seen that the curves representing equal-life areas become more
vertical; meaning that the life become more dependent on the tempera-
ture, which partially conceals the effect of the clearance. This is because
excellent (or conversely terrible) lubrication conditions essentially dic-
tate the life of the bearing. One can notice that for Th > 140◦C, bearing
life is always in the dark gray–black zone for all clearances. Yet, a man-
ufactured clearance about 40 μm (order of CN class) gives the widest
range of operating conditions that result in the acceptable L10 lives (this
area is shown by the dashed ellipse in Fig. 13).

Effect of CRB clearance on ball bearings

It is earlier mentioned that the manufactured clearance of the CRB also
affects the performance of ball bearings by influencing system deflections
and load distributions. In this section, this cross-effect is explored.

Fig. 14. Maximum contact stress map for ball bearings with respect
to the manufactured clearance of the CRB and increasing operating
temperature.

Fig. 15. Basic L10 life map for ball bearings with respect to
the manufactured clearance of the CRB and increasing operating
temperature.

Figures 14 and 15, respectively, display the variations of maximum
contact stresses and basic L10 lives for two ball bearings. As a conse-
quence of being closer to the gear mesh and being subjected to higher
mesh loads, the stress and life results of ACBB (bearing 2) are more
critical than 3 PCB (bearing 1). As the lines bounding equal-stress and
equal-life areas become more horizontal, the influence of CRB clearance
on ball bearings is more significant. For ACBB, this area corresponds to
lower operating temperatures (Th < 90◦C). In this region, high clearance
for the CRB reduces the life of ACBB due to increased moment load on
ball bearings as expected. This trend tends to change above 90−95◦C.
Lower manufactured clearances at high temperatures cause CRB to
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operate under extremely unfavorable conditions (i.e., negative operating
clearance); this does not only affect the CRB itself, but the entire
system including the duplex ball bearing. Therefore with increasing
CRB clearance at high operating temperatures, some improvement in
the ACBB life may be observed. When Th > 130◦C, ACBB reaches
unfavorable stress levels and lives due to reduced clearances and contact
angle as a result of uneven thermal expansion of metal parts. In this
dark gray–black zone, contact stresses and lives of the ACBB are less
dependent on the CRB clearance. Stress and life results for 3 PCB are
always within the acceptable range; thus, any performance improvement
efforts should focus on bearings 2 and 3 for this high-speed bearing
system. One should observe normal clearance class (37.50 μm), giving
optimal results for a broad operation range.

Conclusions

Being the most critical components of the high-speed shaft, rolling
element bearings face a number of operational challenges. Excessive
friction and heat generation at the raceways may cause such bearings to
reach undesired temperature levels when the cooling conditions are not
ideal. It is found that the internal design of the bearings in microscale
has a major influence on the performance of rolling bearings under
unfavorable temperature conditions. Particularly, selection of an optimal
internal clearance for the CRB is very critical to compensate for any
thermally induced preloads that may dramatically reduce the bearing life.

To simulate this complex thermomechanical physics of the high-
speed shaft, a comprehensive analytical model is proposed. The model
describing the rolling element bearings as boundary conditions for the
high-speed shaft is highly nonlinear due to the nature of the (Hertzian)
contact between rolling element and raceways and the presence of inter-
nal clearances. The effects of interference mounting and uneven thermal
expansion of bearing parts are included in this model. This allows the
model to be effectively used to investigate the temperature elevations
within the system.

A temperature elevation model, corresponding to a severe level of
inadequate cooling, is then established to evaluate the performance of
high-speed bearings with increasing temperature. It is seen that bearing
contact stresses rise very rapidly with increasing temperature as a result
of thermal preloads; consequently, dramatic reductions in high-speed
bearing lives are seen particularly for the CRB. Although a tight internal
clearance (C2 class) for this bearing gives an optimal load distribution
under ideal conditions, it results in excessive contact stresses and sig-
nificantly reduced bearing lives at higher temperatures. This indicates
the requirement for the optimization of the roller bearing manufactured
clearance considering a broad range of operating conditions.

By varying the manufactured clearance of the roller bearing and
operating temperature, a full factorial optimization study is conducted.
The optimization results confirm that although tight internal clearances
give the finest results under normal operating temperatures, the range that
they are effective is very narrow. As soon as the temperature of the system
increases slightly, such low manufactured clearances become extremely
dangerous for the bearing, causing increased friction, heat generation,
and contact stresses due to negative operating clearances. The normal
manufactured clearance (CN class), on the other hand, gives a smooth,
satisfactory performance (in both component and system levels) over a
broad operation range.
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