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Abstract: Problem statement: Rolling element bearings form a very important pafrtmachinery.
The increasing demands on their continuous reliageration under diverse environments make
maintenance a very important step towards the iefficuse of them. To this end, precision
maintenance is a very useful practice, since itstieat only with finding a possible fault of a maud,

but also with the identification of its cause aheé suggestion of possible preventive measures and
corrective actions. In order to better apply priecisnaintenance technigues though, it is necedsary
have a very good insight of the bearings’ operatidpproach: This study described how the
analytical models of the operation of rolling elerhbearings could be used for the better utilizatd
precision maintenance in practice. It also preskhgefly these analytical models, together with a
detailed description of how their results can bedui precision maintenance practi®esults: The
results of a typical example were given, which sbdwhat the proposed analysis gives an insight of
the bearing operation, necessary for the betteenstahding of the root cause of possible failures.
Conclusion: This research come to the conclusion that the kedgd of the origin of failures that
could be the result of bearing’s theoretical modelsuld be very helpful for the application of
precision maintenance practices, since it could keathe correction of the cause of each failuré an
thus the bearing will not fail again for the saraason.
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INTRODUCTION The aim of this study is to explain how simple
mathematical models of rolling element bearings’
The development of analytical models of theoperation can be used towards the better applicatio
operation of rolling element bearings, includingds, precision maintenance. Also, the importance of
stresses and speeds, has been the subject ofcteséar understanding and modeling the interconnections
engineers since many years and there exists a blgetween some of the design or operational
number of very good written documentation on thischaracteristics of them is pointed out. In order to
subject, e.gf). achieve this aim, an example is presented, regattim
These models have been used extensively duringffect of thermal expansion on the load distribaitaond
the initial design stages of new bearings or infatigue life. The equations describing these
demanding applications. Nevertheless, their use as interconnections are included in a computer program
tool towards better application of precision maiatece that can be used to create what-if scenarios attdrbe
practice has not been studied in detail. Apart ftbat, = understand the cause of any possible malfunctibe. T
the interconnections between the working parameterabove are performed through analytic equations,
calculated by these models, although apparent athd w introducing all the necessary simplifications, \witl
great importance, have not been examined as much &msing too much information in the final modelt lat
expected, at least not in published literaturenaa form  the same time keeping the model simple and efficien
a practitioner would appreciate. On the other ¢inele  for everyday maintenance use.
are some very analytic investigations of models of  Since there are many combinations of bearing
rolling element bearings, which try to describe thetypes and loading conditions, it would not be pratt
phenomena up to a very big défdil In such cases, to try and cover all of them in this paper. We dedi
although the accuracy achieved is very good, thghen to include only one of the most representative
complexity of the models is such that they canm®t b cases that can give an idea of the method we thescri
easily applied in everyday maintenance practice. The selected configuration is a radial ball beatinger
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radial load. Of course the results presented ase al Effect of thermal expansion to clearance:As we
applicable to a bigger or smaller extent to othearing  know, materials expand linearly under the influen€e
types, since the proposed procedure can be rdiativetemperature according to the equation:

easy extended and adapted to them as well. Apart fo

that, in order to keep the length of this studyrshoe u=roqr-T,) (1)
consider only bearings turning at moderate speeds

and/or not being lightly loaded (so as to be able t\Where:

ignore centrifugal forces and gyroscopic phenomena)r = The coefficient of linear thermal expansion
Otherwise these dynamic effects would require far-l- = The ambient temperature

more complicated equations derivations. La: A characteristic length

MATERIALS AND METHODS
In the above we have assumed the temperature T to

Precision maintenance is based initially on be above the ambient and this is why we use the ter
condition monitoring results taken from the bearingexpansion. On the contrary, we will have contraciio
under investigation. A malfunction will show up as T<T. In the following we will use the term expansion,
characteristic frequency in a vibration spectrusiaa  since this is most of the times the case in rolling
increased shock value in SPM (Shock Pulse Methodklement bearings in practice. The same equatiolts ho
as a change in thermal signature in an IR sigral, atrue for contraction as well. In the case of a imgar
debris in an oil monitoring system, or as a specifi with outside diameter (dat temperature JT, above
result in any other condition monitoring methodtekf  ambient, the increase in ring outside circumfererare
any of these is present, the machine is schedoled f pe approximated by:
stop in order to replace the faulted components Téi
the point where precision maintenance procedues§ st _ _
with the investigation of the cause of the ideatfi Uge = O, T~ ) @)
failure. Most of the times, it is not easy to idgnthe

cause of a failure, since it could initiate at &edent Hence, the approximate increase in diameter is:
part of the machine, or has its roots even at gsigd
stage of it. For example, even if fatigue seemisetdthe  u, =, 8, {T,- T,) 3)

starting point of a fault, this fatigue could be
accelerated or even |n|t|at§d by the increasedirgad The inner ring will undergo a similar expansion
induced by operation at higher temperatures (thkermagiven by:

: O .. y:
expansion), e.g., due to a malfunction in the kdtion
system. Without the use of precision maintenartoe, t
faulty bearing would be replaced with a similar @mel
the fault would reappear after some time. Finding t
root cause would lead us to correct the lubrication  Therefore, the net diametral expansion (change in
problem together with the bearing replacement andiiametral clearance) will be given by:
hence reduce the probabilities of the same fault
reappearing for the same reason. _ T\ _

In order to demonstrate a part of the mathematical ™ D9, 4T, -T.) -4 4T - T.)] ®)
models built for the precision maintenance of ngli o )
element bearings, we will use the above example and f the housing is manufactured from a different
describe the effect of running temperature (andcéen Material than the bearing, then the interference |
thermal expansion) on the load distribution anel tif a ~ between the outer ring and the housing may either
roling element bearing under radial load. Theincrease or decrease at elevated temperatures,
interconnections between various phenomena in thidepending on the coefficients of thermal expansion.
case are shown in Fig. 1. The change in interference is:

ug =Ty [ﬁi[ﬂTi‘E) (4)

‘ eis:;r:izln H Clearance '—){ Load distribution Alho = (rb - h) [D h EQTO - Ta) (6)
wnere
I', andl', = The coefficients of thermal expansion of
Fig. 1: Interconnections between thermal expansion the bearing and housing respectively
and fatigue life Dy, = The initial internal diameter of the housing
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If the housing tends to expand more than the  According t&", the equations that must be solved
bearing, there will be a reduction in interferefite to calculate the static load distribution in a eddyall

A similar procedure can be used for the thermabearing under radial load are the following:
expansion of the shaft with respect to the bearing,

leading to a change of the interference betweegethe 1 P
two that can be calculated from: € N T ©)
Ag = (rs - rb) DDs[ﬂTi‘Ta) (7 1 e+ 1 n
J(e)=—0 "|1-—01- O 10
(&)= ]| 1 cow) | cop (10)
Hence finally, the total change in clearance is:
1 n
AP, =A, -A,-A, (8) FR=ZK, Eﬁ& - Ede [0, (g) (11)

Depending on the magnitude and the signDfwe 3 )
can finally have an increase or decrease in diahetr "~ 7" for ball bearings
clearance. 10 . (12)
n= ry for roller bearing
Effect of clearance to the load distribution:Before
calculating the load distribution, we show in Figthe  \Where:

convention followed regarding the angular posit 5 = The radial deflection of the bearing ringdat 0
y of the rolling elements (shown as circles with = The applied radial load

numbers j). Z = The number of rolling elements and
Y, = The angle defining the loading zone in the beprin
(xW; from the zero angle position) given by:

T
Y, =cos [2[6,} (23)

And K, is the load-deflection factor, given by:

(14)

0=

AL

where, K, K, are the load-deflection factors for the
inner and outer contact respectively. For pointtacin
(e.g., ball bearing) this factor is:

a2 EE |
PN TR e e

In this final equation, E and are the Young's
modulus and Poisson’s ratio of the parts in contact
respectively, whereas the dimensionless contact
deformationé* and curvature sunkp are given by
equations that are presented in the following
paragraphs.
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Y where, Q is the load on the rolling element stengmin
) from the load distribution result and a, b are gib:
v 1_u2 1A
woo 030 EEl v, 1 v,,] (20)
2xp | E E
_y2 _u2 %
bzb*EFSEQ [ﬁl v,+1 v”j:l (21)
2[¥p E E
- With | and 1l referring to the two contacting bedi
and:
22\
a*z[zw Rj (22)
Tt
Ve
b :(Zﬂ) ? (23)
Tk

Fig. 3: Compressive stresses in an elliptical atirdeea _ o
The corresponding deformati@nis given by the

In order now to solve the above equations&gr equation:
we have to assume an initial value orand from that

calculate E If this value does not correspond to the real 2 o\
applied F, we continue this loop, until we have 6=6‘{ 3[QEE1 Vi H 2 (24)
convergence. 22p  E B 2

After the calculation of,, we can calculate the
maximum load on the rolling elements,Qfrom the  where, 8* is the dimensionless contact deformation

following equation: given by:
Q =K Eéé _Egpjn 16 &=204_T )%’ (25)
max n r 2 d - 2|](2B
Hence, the load at any rolling element at angle And:

will be:

. . K =% (26)
Qy = Quax Eﬁl‘ﬁ 1~ CO@')} (17)

istributi i =[" L \sitq] 27

Effect of load distribution to the internal stresss: €=, |1~ 1=z JBBimoe| d (27)

The maximum compressive stress in the case of point
contact (elliptical contact area), appears at thdar of

the contact area, as shown in Fig. 3. In order to findk, we have to interpolate between

The equations calculating the stresses of F1g. 3\ o o versusF(p) = (x*+1)e-200
(k*-2)
O = 30 (18) The curvature surBp is given, for inner and outer
2(alb contacts respectively:
%
30 x\’ (y]z 1 1,20
= 1-1 =] —-| = 19 . = — -+ —
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10, 1 2y _ biZp

ZPO—DE€4—R—1+VJ (29) A [K—ij@ v (35)
K EI Ell
Where:

Dcog{a) _[1+E & 36
vE—, (30) E-[K“ZZJ (36)
f=t (=7 (37)

0 (31)
f,==

D Q, =2 1-8) + 2 ff(6) (0] (38)

In the above, D is the diameter of the rolling
elements (balls), a is the contact angland f are the —1-K’E+T EﬁKZR((p)—f((p)} (39)
inner and outer groove curvature radii respectively g

In order now to calculate the stresses below the
surface, we use the notation of Fig. 4. 1 1 ) )

According t&”, the equationsgthat must be solved % _ZEE“E]_K E+L k" E(9)~F(0)] (40)
to calculate the subsurface stress field are:

s =A (o, +vie)) @2) Q= 1+E+ Lt (e)-¢(0)] (41)
=AQ, +v IO, 33 %
S\/ [q y +V y) ( ) f ((P) = ,[:|:1_(1_K12j 0sin? (p:| dp (42)
szz-;mﬁil—z] (34)
9 1 %
, v e(@) =j0 {1_[1_}8) Dsinz(p} dp (43)

ta =t (44)

o o

=[(r-1) mzt—n]% (45)

As it is obvious, the above equations can only be
solved with the use of a computer.

Effect of the load distribution and the internal
stresses to the static and dynamic load capacity of
the bearing: In order to see the effects to the dynamic
load capacity and life, we use the equations ddrive
in, based on the internal stresses and load distibut

S| @ We also included most of the simplifications used b
Palmgren and Lundberg. This approach leads normally
s« 1 Sx to conservative designs, but since in this studyawee
A1 interested only on comparative studies (e.g., assest

of reduction of fatigue life due to operational
parameters), this will not be a problem.

In brief, the dynamic load capacity (survival afte
Fig. 4: Stresses below the surface one million cycles) of a point contact is:
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Q :Al:ﬁ 20 )OAléliy)lBQEﬁ y

20-1)  (1xy)*

The equivalent loading for a rotating ring relativ

to the load is:

_ 1 on %
Qerol - (E_{ [J.O Qil d.IJ}

Whereas for a static ring relative to the load:it

1 2 0.3
— T~
Qest_(zﬁ_[qo wdpj

The dynamic load capacity for the rotating ring is

CI'()l = QCTOI EB} Eb0$

1

and for the static ring:

CS‘ = QCS‘ [Z % I:t:os}
2

Applying the multiplication
probabilities (see also referefidewe get:

c=(co+cy)”

rot

where,e= %) for point contact.

The life of the bearing will be given by:

where the equivalent load, for the case where anly

radial load is applied, is:

IR T B
Where:

3= 3(e= 03
== 09
3= 3(e= 03

0.3
J D Z%  (46)
cosx

In the above, it is:

4.5 %
1 W 1
Jl:{ztnq—w[l_zm 1- cosp)} q;} (57)
J :{1[!“’ [1—im1— co:r‘,p)}5 q;}os (58)
2o lemh el 2@
RESULTS

Computer program: As it became obvious from the
analysis of the previous paragraphs, the equatmhs
solved for the analysis of this study, are compéida
and interconnected and hence can only be solved wit
the use of a computer program. This computer progra
was created during the course of the researchnpesfb

by the authors and its results are presented mext.
order to demonstrate the results of the program, we
used a 209 single row deep groove ball bearing for
which we have detailed geometrical dataThe data
used for the bearing assembly are shown in Table 1,
including both material properties and dimensions.

Effects to the load distribution: In the graphs (Fig. 5a-

f), we can see the effect of thermal expansionht t
load distribution, namely to the maximum load (Qinax
and to the load zone (psil).

Table 1: Geometrical data of the ball bearing uUsedlemonstration

(EEEER.

_330.3 53
i 0p J ] 3

of results
Housing outer diameter (mm) 150
Housing inner diameter (mm) 85
Shaft outer diameter (mm) 45
Shaft inner diameter (mm) 0
Bearing inner contact diameter (mm) 52.291
Bearing outer contact diameter (mm) 77.706
Rolling element diameter (mm) 12.7
Bearing inner groove radius (mm) 6.6
Bearing outer groove radius (mm) 6.6
Number of rolling elements (mm) 9
Bearing contact angle (degrees) 0
Young's modulus of all components 200000
(newtonmm?)
Poisson's ratio of all components 0.35

Coefficient of thermal expansion of
housing (ded)

Coefficient of thermal expansion of
shaft (degd)

815° **Titanium

815° **Titanium

Coefficient of thermal expansion of 11.0° **Steel
outer ring (ded)

Coefficient of thermal expansion of 111.0° **Steel
inner ring (ded!)

Radial load (Nt) 8900

Inner ring temperature - Ti (deg) 30

Outer ring temperature - To (deg) 50

Ambient (initial) temperature - Ta (deg) 20
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From the above we can see that there is an almoEfffects to fatigue life: In the graphs (Fig. 5g-i) we also
linear dependency of both maximum load and loacg:zonpresent the effect of thermal expansion to thegfeti
with temperature. In every case, we reach a polimerey  life (Lig). It is obvious that temperature has a big
there are no further alterations with increasednfluence in life, even ignoring the influence ain

temperature (saturation) and that is when the dimhne lubricant and material properties. This influenem be
clearance diminishes. used in precision maintenance studies through the

application of the proposed model.

Que Vs Ti
4800 psil Vs Ta

'PlotData dat' —— 88

'PlotData.dat’ —¢—

861

gat

psil (deg)

4400 %% 8

4330 61
4300
3 40 50 60 70 80 90 100 110 120 130 4
T S 20 30 40 50 60 70 80 90 100 110 120

Ta.(=C)
Fig. 5a: Effect of the temperature of the innegrom

the maximum rolling element load Fig. 5d: Effect of the ambient temperature on thexd|

zone

psil Vs Ti

Que: Vs To

'PlotData.dat’ —— 5700

5100

5000

76 zﬂf 4000 |

74 4800
30 40 30 60 70 80 90 100 110 120 130
i (°C 4700,
Tieo) 50 60 70 80 90 100 110 120 130 140 150

To (°C)

Fig. 5b: Effect of the temperature of the innelgrom ) )
the load zone in the bearing Fig. 5e: Effect of the temperature of the outegran

the maximum rolling element load

Quzx Vs Ta.

R
‘PlotData dat' —&— 76 i psil ‘sTo

PlotData dar —

Qs (ND

psil {deg)

50 60 70 80 9 100 110 120 130 140 150
To (°C)

Fig. 5¢c: Effect of the ambient temperature on theFig. 5f: Effect of the temperature of the outergrion
maximum rolling element load the load zone
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LI0VsTi

'PlotData dat’ —&—

m ;oo
VIR S )

110 (Maye)
i
A B2 BB L

.l
@

3 40 50 6 70 80 90 100 110 120 130
Ti (5C)

Fig. 5g: Effect of the temperature of the innergrion

the fatigue life Fig. 6: Test rig picture

This rig contains a number of various rolling

L10VsTa

zs ‘PlotData dat | element bearings, e.g., in the gearbox or in tleedr
S; shaft and it was used to check the validity of réults
) of our models, as applied to precision maintenance,
_ ] similar to the model presented in this study. ldeorto
% ] do that and resemble reality as much as possible, a
=0 commercial program widely used in practice for
® preventive maintenance was used. Several faulte wer
™ ] introduced in the bearings in order to acceleragetést
7 ] process and our models were tested against the data
e 1 5 e e e s w Tio T recorded during the experiments. In every case, our
Ta (C) models could predict qualitatively the possible e

of each introduced fault and their influence in the

Fig. 5h: Effect of the ambient temperature on thereadings of the instruments. This “qualitative”
fatigue life prediction is anyway what is needed in practicegesi

we should bare in mind that precision maintenasce i

e HETe partly a science and partly an art and our apprigch

'PlotData dat’ —%

just a tool that can help the engineer guide his
imagination to possible causes and not substitstbdr
engineering judgment.

Since the tools used to gather data were the exact
ones used in maintenance practice and not soptestic
tailored made solutions, we had available the ekiact
of data a maintenance engineer would have. Thisemad
our approach to precision maintenance even more
realistic and hence the conclusions of our studiese
widely accepted.

110 {Mey o)

50 60 70 80 90 100 110 120 130 140 150
To (°C)

Fig. 5i: Effect of the temperature of the outergrion DISCUSSION

the fatigue life
Precision maintenance is a maintenance technique

Test rig: In order to validate the conclusions derivedthat deals with the correction of the root causeaxth
from the modeling of various operational fault. Its aim is not just to search for the existe of a
characteristics of rolling element bearings, weltoai  fault, but rather to find the reasons behind its
test rig in the Machine Elements Laboratory of theappearance. This research presented that the
School of Mechanical Engineering in the National mathematical models of rolling bearings operatian c
Technical University of Athens. A picture of it is be used as a tool in the search of possible opesdti

shown in Fig. 6.
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parameters combination that could theoretically lea
failure.

Most of the literature on rolling bearing failures 1.
deals with finding the best method to identify alfa
component. This approach leads to the application o
predictive maintenance practices, replacing the2.
components based on their condition. This approach
though does not deal with the real conditions ldd to
this failure, conditions that could initiate fronmather
part of the machine (for example a malfunctioning3.
lubrication pump that leads to an increase of the
bearing’s operational temperature). That way, thal r
cause of the failure is not dealt with and thus shme
failure can appear again in the future. Using thed.
mathematical models of rolling element bearings as
proposed in this research, the real causes of fadlare
can be searched and appropriate measures taken.

CONCLUSION

This study presents an idea of how analytical5.
models of rolling element bearings can be used in
precision maintenance. This is done through theafise
an example of a mathematical model of a rolling
element bearing. This model gives a clear viewhef t
effects of thermal expansion on the load distrifuti
and fatigue life of a rolling element bearing. Tiesult
is that there is a very strong influence and irityethis
effect could be even stronger, if we take also into
consideration the big influence temperature has in
lubricant properties.

The use of the results of this and other similar
models in root cause analysis studies can be amthiev
through the use of what-if scenarios, where we s&mn
how an alteration of a parameter of the model ¢t
the functional characteristics of a bearing andlin
lead to failure. This way, someone can identify and
eliminate the cause that lead to the monitored
malfunction and thus apply precision maintenance
philosophy in practice.
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