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Abstract. Many sources of heat can emanate from the operation of a rotating machine, and one of which is
the friction among the different parts of the ball bearings. Over time, these frictions may lead to a tearing of
matter of the rings or on the rolling elements that cause some type of degradation by flaking. Flaking, in
turn, produces a repetitive shock as a new source of thermal energy. This work proposes a physical model for
the study of the thermal heating of a ball bearing during operation. The resolution of the energy balance is
achieved by the Nodal method where both the heating due to friction and the heat induced by the passage of
the balls on defect are taken into account. The proposed thermal model is validated through an
experimental thermal analysis. The obtained results show that the temperature increases in the position
of defect ball ring with increasing rotational speed. The same results are obtained for the influence of

radial load.

Keywords: Ball bearing / thermal analysis / defect ball bearing / bearing thermal behavior /

infrared thermography

1 Introduction

In rotating machinery such as motors and mechanical
transmission, ball bearings are extensively used. This is
often justified by their good performance, associated with
the significance of their maximum load. Incidents caused
by undetected defects in the operation of this component
can have very serious consequences on both safety and
maintenance. A number of studies, [1-4], have been
devoted to the detection of bearing failure and some
methods based on acoustic and vibration analyses have
been developed to predict the life cycle of a bearing.
Abnormal levels of temperature rise remain a very
effective way to detect failure in a bearing. Generally,
when two surfaces are moving, it appears inevitably a heat
generation at the contact. In the literature on bearing
problems, two types of heat transfer exchanges are
reported: (i) heat conduction between different rolling
elements such as the inner ring, the rolling elements, the
outer ring and (ii) thermal effects mainly due to different

* e-mail: belmilouddalila@yahoo.fr

heat fluxes generated and which affect the bearing
lifespan.

— Conduction heat transfer between the different
rolling elements is based on the principle of thermal
contact on the rolling elements. The fundamental aspects
of thermal rolling contact were highlighted by Bejan [5].
The rolling elements contacts situated on rings forces the
heat flux lines to concentrate on the contact area. This
concept of macro constriction was studied by Holm [6] and
the one of static constriction was established by Chow and
Yovanovich [7] who studied the heat transfer in a given
geometry of contacts. Further this theory was performed
by Lemczyk and Yovanovich [8] where they introduces the
use of the Biot number to characterize the heart exchange.
This constriction thermal resistance was generalized to
a dynamic resistance constriction model that takes into
account the rotation of the elements on each other.
Their model is based on the Hertz theory in case of
statics and smooth contacts which tends to increase
thermal conductance with movement of the elements in
contacts.

— Heat generated by the normal operation of a structure
has been the object of a number of studies aimed at
evaluating the constraints associated with heat flux and as
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a result predicting fatigue and bearings lifespan. Sliding
effects (friction effect) was originally analyzed by Jones [9]
and further investigated by Harris [10]. The latter uses the
Hertz theory for calculating contact areas between bearing
elements, and determines a relation of heat flux generated
by friction in the presence of a lubricant. He then uses
anodal model to determine temperature distribution in the
rolling elements and subsequently, in the structure. Liao
and Lin [11] investigated the case of the overheating of ball
bearings at high speed. They determined contact angles
and surfaces when the bearing is overheated, i.e. when
elements dilate and thus, the performance of ball bearing is
evaluated. Bohmer et al. [12] demonstrated the influence of
the generated heat flux by friction on the fatigue behavior
of a ball bearing. Muzychka and Yovanovitch [13] built
their research on Blok’s findings [14] to estimate the
contact resistance associated with maximum temperature
in case of an elliptical contact. They set another thermal
resistance formula; nevertheless, they noted that this
approach is only valid for a relatively high Peclet number.
Bairi et al. [15] investigated the stationary thermal
behaviour of a ball bearing and they established a thermal
map of the ball bearing, the flash and the average
temperature of the heated region. In Reference [16], Pouly
et al. developed a thermal network model to evaluated
power loss attributed to rolling friction and sliding friction
between balls and cage during the movement. In their
model, the resistance between balls and oil, the ball and
cage drag as well as hydrodynamic forces are considered.
They analysed too the influence of an air-oil mixture in
rolling bearing on the thermal behaviour of rolling bearing
elements operating at high speed. Yan et al. [17] showed
that the presence of the cage affects significantly air-oil flow
and heat dissipation within the bearing cavity. Takabi and
Khonsari [18] developed a theoretical model to study the
temperature of the ball bearing, considering several
parameters like heat transfer mechanism, frictional heat
generation, preload and thermal response of the system.
Neurouth et al. [19] developed two models of grease
lubricated thrust ball bearing using thermal network model
to predict the power loss and heat transfer with lubricant
taking into account different assumptions. The obtained
numerical results showed that grease and air-oil mixture do
not have any significant role on thermal transfer in the
bearing. A third thermal model, which takes into the
account rings, balls and contact areas, was proposed.
Takabi and Khonsari [20,21] developed a dynamic
simulation of rolling bearing thermal failure that considers
the thermal expansion. In this case two types of failure were
investigated for a deep groove ball bearing rotating at high
speed with a large radial load. The results show that the
unstable motion of the cage induces a seizure in the bearing.
For cylindrical roller bearing used in high speed machine
tools, thermal failure is due to thermal preload, which
affect lubricant film thickness and causes a thermal seizure.
Neurouth et al. [22] proposed a thermo-mechanical model
of the FZG test rig based on the thermal network method.
The results show that the inner and outer rings of a rolling
bearing are at different temperatures. In this study, two

approaches were proposed to investigate the thermal
behaviour of rolling bearing elements. Yan et al. [23]
developed a transient thermal network model of a spindle
bearing system, which consider the thermal behaviour and
the structure interactions. The temperature rise of the
outer ring as a function of rotational speed using, is
obtained in steady and transient regime. The obtained
results was discussed and compared to the experimental
ones. Zheng and Chen [24] proposed a multi-node
thermal network model for an angular ball bearing to
study the heat generation and the thermal transfer in
bearings, while taking into consideration, the presence of
the coolant lubricant, and the radial and axial structural
constraints.

However, it has to be mentioned that no model in the
literature accounts for the case of heat flow related to the
presence of defect on bearing tracks. Indeed, this impact
results in a tearing off of the material attributed to a plastic
transformation, which amounts to heat dissipation at this
point. In this context, the number of parameters relevant
to heat transfer is important, and among these parameters,
we can list rotational speed, load, lubrication, various
frictions (rolling elements, rings, cages) and bearing
failure.

Thus, the objective of this work is to determine the
temperature field generated not only by the heating of
the bearing by friction alone but also by the effect of the
presence of a defect on the bearing (in our case the defect
is located on the outer ring). The proposed model allows
obtaining a direct correlation between the severity of the
defect and temperature variation of the structure
studied via a comprehensive equation that links all
the parameters of the system. The model permits to
determine the severity of the damage via thermal
measurements.

In this work, the thermal model allows the determi-
nation of the temperature field in the presence of
a defect. The final resolution is based on the nodal
method.

2 Thermal modeling

In this study, we present a heat transfer model to simulate,
in a steady state regime, the temperature distribution in
the ball bearings, with and without defect, operating at
moderate speed. The system as represented in Figure 1 is
divided into isothermal elements designated as nodes,
which are interconnected by their thermal resistances.
These resistances are generally dependent on a heat
transfer mechanisms in the bearing: conduction, free
convection, forced convection and radiation. However,
the contribution of radiation heat transfer is assumed very
small with respect to fluid convection and conduction
between elements. Such as that sketched in Figures 1 and 2,
the modeled system is made up of a house, inner ring, outer
ring, balls, cage and shaft. A small amount of grease is used
as a lubricant between the balls and the cage and the
system is surrounded by air (Fig. 2). We have used 21 nodes
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Fig. 1. Node distribution in the ball bearing.

in our system. The nodes T11, T12 and T13 are
symmetrical to the nodes T14, T15 and T16.

2.1 Nodal distribution

The discretization of the system components, ball
bearing, shaft and housing is shown in Figures 1 and 2.
On the shaft are placed three volumetric nodes: (i) at the free
end of the shaft, (i) in middle, (iii) at the other end of the
shaft. This modelling, coupled with that of the bearing
obtained in a previous section, results in a 21 x 21 square
system, whose resolution gives the temperature field in the
bearing.

The housing, shaft, grease and air temperatures are
considered as input parameters and determined from
experimental data. Load direction is tested to investigate
the effect of the loaded part on temperature rise of the
system. Different loads are then used in a series of
experiments to investigate the effect of rotation speed on
temperature rise.

The formulae used to calculate thermal resistances are
given below.

2.2 Thermal resistance of conduction

The outer and inner rings are considered as two cylinders
and the thermal resistance is given by:

1 dezt
=— 1
Rk =5 KT n(dmt>

with K is the thermal conductivity

(1)

K = 46(W/mK)

T21

Ball bearing

Fig. 2. Thermal network elements.

2.3 Thermal resistance of constriction heat transfer

As explained in the introduction, because of the
constriction phenomenon, the source of heat generated
by friction is concentrated on a very small contact area.
As a result, and following this model, one node is placed
on the surface whereas another is in the bulk [25], and
then connected by a constriction resistance as detailed
by Muzychka and Yovanovitch [13]. Thermal constric-
tion resistance is:

R, 0.918
" 2bxv2aV

2.4 Heat exchange coefficient by convection heat
transfer

(2)

Convection heat transfer between the ball bearing and the
surrounding air or between the ball bearing and the
lubricant is difficult to quantify. For each forced convection
process, thermal resistance is estimated after the average
Nusselt number was determined. The expression of
convection thermal resistance is given by the following

expression:
1 1 L
hy.s s \KNu

Where s: exchange heat surface [m?]
Nu: Nusselt number
h,: Convection heat transfer coefficient [w/m?.K]

3)

RthV =
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2.5 Natural convection heat transfer between
the outer ring and the ambient atmosphere

In the case where the heat flux is generated by convection,
we use Newton law given by:

H, = h,.s.AT

In stable air conditions, the convection heat transfer
coefficient between the ball bearing surface and the
atmosphere as estimated by Jeng and Huang [26] is given
by:

hy = 2.3107°(T — T,)"* (4)

T,: the air temperature.
Palmgren [27] proposed for the outer ring surface as
follows:

1
s =nD, <Wh + §Dh) (5)

D,: diameter of the outer ring of the ball bearing

Wy width of the outer ring of ball bearing

From Equations (4) and (5) it follows that the heat flux
is given by:

i 1
H, =2310°7D, (Wh + 2Dh) (T =Ty

2.6 Forced convection heat transfer between the inner
ring and compressed air flow

The rotation of the inner ring in contact with the
outside atmosphere induces a forced convection heat
transfer with the surrounding air. For a disc in rotation,
Wagner [28] proposed the average Nusselt number as
follows:

Nu=04R?Pr'/3  for Re<2510°

Nu=0.0238 R0® Pr’S for Re > 3.210°

with Pr=0.71 for the air.

2.7 Convection heat transfer in presence of grease

For use of a small amount of grease as a lubricant Using
a small amount of grease as a lubricant, Neurouth et al. [19]
evaluated the convection heat transfer coefficient with
Nusselt number expressions as follows:

. 3 5
Nu =0.332Re"> Pr'/*  for { }Jor ><01.%5€ <510
(7)
5.10° < Re

_ 4/5 p.1/3
Nu = 0.028 Re*’° Pr for {Pr>0.5

With
L
Re = Ve x (8)
v
_Y
Pr=+ 9)
Pr = 10400

a =433 x 107*(m?/s)

p = 998 (kg/m?)

3 Heat Generation

Thermal and mechanical processes in a motion system,
especially in bearings systems are coupled and all generated
heat must be taken into account. This part deals with the
mechanical effects that can generate heat.

In our case, two sources of heat generation are
considered and the first, which is the most common,
corresponds to the heat generated by frictional effects:
inner ring/ball friction (Q1) and outer ring/ball friction
(Q2). The second is due to impact of balls on the defect seen
on the bearing, which has not been studied in other works:
heat generated by the impact of ball on a defect seen on the
bearing (Q3); hence, the originality of this presented work.

To calculate power losses due to frictions at the
different points of contact: inner ring/ball and outer ring/
ball, it is necessary to carry out kinetic calculations, which
allows to obtain the velocity and forces to be integrated in
the model. The grease is used to avoid dry friction between
the elements, in our case, we assume that the grease has no
influence on friction power loss and the slip between ball
bearings and the raceway is negligible.

3.1 Bearing frictional power loss

The bearing frictional power loss is expressed by the
product of speed by the friction torque as detailed by Harris
[10].
Qrow = 1.047 x 10 w0y My, (10)
The friction torque includes, torque due to applied load
M, viscous friction torque M, and torque due to the flange
My, Palamgren [30] proposed a formula to calculate the
viscous friction torque as follows:

Mgy =M+ M, + My (11)

M, = fFgd, (12)

V.Wroyt = 2000

m

M, =160.1077 f,d> for

m

M, = 10’7f0(vwmug)2/3d3 for
V.Wroy < 2000

In this study, we have M;= 0.
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Fig. 3. Representation of the impact region in ball bearing.

3.2 Heat source generated by defect

A second large family of heat sources can be considered in

bearings with defect, attributable to the impacts between

the rolling elements and the singularity generated on the
raceway. This type of distribution necessitates first of all

a modeling of the defect, which is represented by a hole in

the outer ring material (Fig. 3). The singularities are the

source of impact during the passage of the rolling elements,
and the repeated impacts exert a pull on the material,
thereby resulting in a plastic deformation.

The force exerted by a rolling element F,, on the
singularity can be expressed in different ways, depending
on the assumptions. The most common form is the one
proposed by Tandon and Choudhury [29]: the shape of the
excitation signal is considered to be a combination of three
signals having triangular, rectangular and semi sinusoidal
forms. Bogard et al. [30] have shown that the proposed
three forms of the signal separately give similar results.
Thereby, we consider the form of the signal to be triangular
(Fig. 4).

In this case, the defect model is based on these
assumptions:

— When a ball passes the location of a defect in outer ring,
the exciting forces expressed by the amplitude A, is
precisely equal to the forces acting on the ball.

— The rotational speed of the center of the ball is constant.

— The defect is symmetrical about a radius of the bearing.

— The sliding phenomenon is ignored.

— The rebound phenomenon due to the shock is ignored.

For the static problem, the rotational speed of the
center of the ball is expressed as:

2a D1

V=N, T T,

(14)

—_—

(RN

Fin

AT, T te)
' 2a D:

Fig. 4. Form of the excitation signal.

a: the half radius of the defect in the rolling direction,

AT, The shock period

D;: the distance between the middle of two balls

Ty0: the periodicity of the passage of rolling elements
upon the outer ring defect.

The shock period is given by:

ZaTdO
ATy = —— 1
o (15)
277y,
D, = 7 (16)
Therefore
QCLTdoZ
AT, = 17
S 2, (17)

The defect situated on the outer ring of the ball bearing
is revealed by its characteristic frequency, which is equal to
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the inverse of the characteristic period given as:
I 2
fao d
Z|1- (=
fr peosd

Equation (17) is substituted in Equation (18) and the
shock period can thus be written as:

T = (18)

2a

Trm fr [1 — (g cos a)]

Therefore, the power of the shock is expressed as
follows:

AT, = (19)

2aF,,
P, =
’ AT,

(20)

From Equations (19) and (20), the power of the shock is

Slaled as:
Pé = Ty Fn ’7" 1 oS &
V ne _DC

According to the previous assumptions, the external
excitation force or the pulse amplitude generated
each time the rolling element strikes the defect on the
raceway of the outer ring, is equal to the forces acting on
the ball.

Replacing F,, by Qnax in Equation (21) we obtained:

(21)

Py = 1 f. Qs {1 — <g cos aﬂ (22)

Using Steinbeck’s formula for ball bearings under
pure radial load and nominal diametrical clearance, defined
as:

5F,

=— 23
S5arp fr Fr d
Pi=———1|1—-|= 24
° Zcosa [ (DCOSOt (24)
The incident heat flux density is expressed as:
P
v, == 25
o= (25)
With

Sq = mab (26)

Then from Equations (24)—(26), we obtained:

5.F..w.ry,

d
= 1 - =
2.7.a.b.N.cosg [ (D) cos <p]

4 Numerical resolution

Yo (27)

The first law of thermodynamics for a closed system is
expressed [31] by this equation:

Q=W+@

” (28)

where @ represents the heat transfer rate expressed in (W)
taken as positive when it enters in the system, W is the
work transfer rate expressed in (J/s) and w is the internal
energy variation with time, ¢, in (J/s).

Changenet et al. [31] rely on the following analysis: the
work rate is substituted by the transferred heat from the
system to the other elements and the rate of internal energy
is substituted by the rate of absorbs heat (thermal inertia).
Then, the equation (28) can be written as in referense [31]:

n (Ti—Tj) dT;
Q=) R g (29)
JJ#i
" dT;
Qi = ZS“T] + micpiﬁ (30)
J#i
=) Si=Y (31)
— Ri
if i S~-——ZL (32)
J iy — - sz

Equation (30) is the basis used to solve the studied
problem. It was applied for each node of the thermal
network, i, whereas j represents each node connected to i.
In the steady-state case we have:

dT;
=0 33
” (33)
Hence, the equation can be stated as:
Q=Y Si(Ti—T;) =0 (34)

For all nodes we obtain a system of nonlinear equations,
which is difficult to solve. Each node, i, generates a balance
sheet of heat flux ¢,;; giving us the system of equations
which is non-linear. In this case we solve this system using
the Newton-Raphson method [32]:

(35)
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For a series of nonlinear functions ¢; the Newton-
Raphson method permits to have a system of simultaneous
linear Equation (36). These equations can be solved for an
erTor &;.

ag;
qi+’§:éﬁyﬁj::0 for
J

(37)

This non-linear equation can be solved by iteration.
After initializing the parameters, each iteration is
translated into a linear system equation (36) whose
unknowns are the components of the error vector e;
between the corresponding temperatures of two successive
iterations. The resolution is stopped when errors ¢; are
reasonably low.

In our case the system is composed by 21 nodes and we
want to simulate the temperature evolutions in the ball
bearing in steady state regime depending on the radial load,
and the rotational velocity in different configurations. All
thermal resistance values are calculated by given formulae
developed before.

All heat dissipation sources are @); corresponding to the
node T3 (Inner ring/ball contacts), @, corresponding to
the node T5 (outer ring/ball contacts) and Qs defect
temperature. This considered values are considered as
inputs and calculated by the use of formulae developed in
last section.

A computer program on Matlab software language was
written to solve Equation (36) based on the theoretical
model in steady state regime described in the last section.
The temperature rise in the nodes and the heat generations
under different operating parameters is calculated. Figure 5
illustrates the flow chart of the program to calculate the
temperature distributions and heat generation in the ball
bearing.

5 Nodal distribution

For the resolution we use the nodal method. The nodal
model of the ball bearing consists of 21 nodes as shown in
Table 1 and Figure 2. Two nodes are used to illustrate heat
distribution in the loaded part of the outer ring (T6) as well
as in the unloaded part (T9).

The discretization of the system components, ball
bearing, shaft and housing is shown in Figure 8. On the
shaft, are placed three volumetric nodes: (i) at the free end
of the shaft, (ii) in middle, (iii) at the other end of the shaft.
This modeling, coupled with that of the bearing obtained in
a previous section, resultsin a 21 x 21 square system, whose
resolution gives the temperature field in the bearing.

6 Nodal distribution of generated heat flux
due to the defect

Energy, which evolves over time attributed to impacts of
the rolling elements on the defect, and takes the form of

Reading input data
Geometrical dimensions of bearings, shafts, lubrication and housing
Operating conditions of torque, speed, load and defect
Calculations of constants like contact area and exchange surfaces, etc.)
Metal characteristics (conductivity, density, etc.)

|

Calculation of thermal resistance
Conduction

Constriction
Convection

l

Initialization of parameter J

Ul

|

Calculation of thermal resistance of
convection depending of temperature

|

System resolution in steady-state % —0
it

T,
R,

—

” (]:_

o5
l

Linear resolution with Newton-
Raphson method

=0

q+zgg_ £=0

L

{ Calculation of temperature vector }

T =Tjt+ g

convergence condition

Temperature field

{3}

T, ,-T, <limir i

Fig. 5. Flow-chart for the algorithm of the resolution procedure.

heat flux, must be considered in the balance of heat energy
in nodal modelling. Therefore, these connection nodes are
added to a portion of the heat flux generated by successive
impacts, as shown in Figure 6.

These energies are distributed over connections of
nodes between rolling elements and the defective ring. This
distribution is proportional to the load distribution in the
ball bearing. Consequently, the energy injected into each
node depends not only on the number of nodes but also on
their selected location during nodal discretization (see
Fig. 7).

7 Experimental investigations

The study is focused on a rotating machine consisting on
the use of ball bearings, type SKF 6206 to quantify energy
intake linked to bearing defect localized on the outer rice.
The test was carried out in two stages with healthy
bearing, and then with a defect bearing of 17 mm? of
surface (Fig. 8). Lubrication is achieved by greasing of the
two bearings, the bearings and grease properties are
defined in Table 2.
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Table 1. Description of the nodes.

Node Description
T1 Shaft /inner ring
T2 Mass inner ring
T3 Inner ring/ball contacts
T4 Balls
T5 Outer ring/balls contacts defect
T6 Mass outer ring loaded part
T7 Outer ring/housing loaded part
T8 Outer ring/balls contacts without defect
T9 Mass outer ring unloaded part
T10 Outer ring/housing unloaded part
T11 Outer ring/balls contacts
T12 Mass outer ring
T13 Outer ring/housing
T14 Outer ring/balls contacts
T15 Mass outer ring
T16 Outer ring/balls contacts
T17 Grease
T18 At the free end of the shaft
T19 In middle of the shaft
T20 End of the shaft
T21 Ambient air
wﬁ'icn'on
W defect conduction
>() >

Fig. 6. Energetic contribution of the impact on defect.

Fig. 7. Schematic of energy intake of the impact.

Fig. 8. Image of a defect on the ball bearing.

Table 2. Features of ball bearing and its grease.

Reference SKF 6206
Pitch diameter 46 mm
Balls diameters 9.525 mm
Number of balls 9

Base oil viscosity 40 °C 45 mm?/s
Density 998 kg/m’

7.1 Experimental setup

A schematic illustration of the experimental setup is
presented in Figure 9. An electric motor of 10kW at
variable speeds rotates the assembly system. The load
carried by the hydraulic cylinder (Fig. 10) is considered to
be radial.

For thermal measurements we need to know the value
of emissivity, for that, the visible faces of the bearing are
painted in black. The defective bearing is mounted in such
a way that the defect is on the loaded portion to facilitate
the visualization of the temperature rise. For thermal
measurements, an infrared camera (CEDIP Titanium,
640 x 512 InSb detectors, with a pitch of 15 wm) is used to
realize thermal maps of the outer ring, simultaneously
submitted to rotation and radial loading. The used of
50 mm lens allows to obtain a spatial resolution compatible
with the size of the region of interest, but also to be able to
register simultaneously the temperature variations far
from the system. This external ring is covered with black
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Pneumatic-
cylinder-load

.

/

Motor-transmission-axis ’ Infrared-

od 0—0 th hy:
—C 0—0 ermography

camera

4

Fig. 9. Schematic illustration of the experimental setup.

Fig. 10. Experimental setup image.

paint (emissivity equal to 0.92) in order to standardize and
increase its uniformity, the stainless steel is well known to
have a very low emissivity. Then, the adherence of the
paint has to be regularly checked, because a local abruption
would immediately change the measured signal in signifi-
cant proportions. Due to the short distance between the
object and the camera, the atmosphere is assumed to be
transparent. However, a particular attention is paid to
both uniformity and stability of the environment: choice of
the device orientation relatively to the thermal sources,
screening of the thermal parasites, and simultaneous
recording of thermal reference points taken in the field
of the camera. First of all, images are recorded at very low
speed, until the thermal equilibrium is reached. This first
step shows that the time constant of such system is of
several tenths of minutes, due to the thermal inertia
induced by the high mass of the metallic mechanical device.
Once the thermal equilibrium is reached, a thermal
sequence of 300 images is registered at 10 Hz, and a mean
image is computed in order to reduce the noise. Then,
a small area is placed on the infrared image, at the aplomb

of the defect. The thermal experimental values given in the
present paper correspond to the average of this area. An
example of thermogram obtained by infrared thermogra-
phy is presented on Figure 11.

8 Results and discussions
8.1 Results of bearing without defect

This study examines the influence of rotational speed
variations on the temperature distributions of a ball
bearing. The obtained results from the simulation of
increased temperatures in case of a ball bearing without
defect, where the radial load is set at 500 N are shown in
Figure 12. The temperature of different nodes of bearing
increases when the rotational speed varies from 300 rpm to
700rpm and the maximum value is measured at contact
point located between the ball and the inner ring (node T3).
The direction of the applied radial load affects strongly the
temperature rise materialized by nodes T2, T4 and then
T5. This increase of heat flux in the contact zone is due,
first, to the stress applied by the load and, second, to the
phenomenon of constriction of the heat flux. In Figure 13,
the temperature of the loaded part increases greatly
whereas the unloaded part exhibits no such behavior; this
shows the effect of the applied load direction on the
temperature of the bearing parts. Figure 14 compares
the generated heat (at node T5) obtained from both the
numerical and experimental results. Both results show that
the heat generated by node T5 increases with the increase
of the rotation speed and exhibit the same trend.

Figure 15 presents the predicted results of the increase
of the temperature as a function of the variation of the
radial load. The increase of temperature is found to be
proportional to the increase of the applied radial load in
a non-linear relationship with a maximum value measured
at contact point between the ball and the inner ring (node
T3). The direction of the applied radial load affects
strongly the increase in temperature of the bearing as
shown in Figure 16. In Figure 17 we present a comparison
between the numerical and the experimental results of heat
generated at (node T5) of ball bearing without a defect as it
depends on the variation of the load. As we can see, the
result show that the two curves have a similar pattern when
the radial load increases, although a very small difference
caused by the parasite temperature of the surrounding
system can be observed.

8.2 Ball bearing with defect

Damaged ball bearing refers to a ball bearing with a defect
of 17 mm? located on its outer ring. As illustrated in
Figure 18, we present the evolution of the temperature of
node T5 obtained by the numerical and the experimental
measurements realized by the infrared camera. The results
are given under radial load equal to 500 N. Figure 18 shows
that both curves have the same pattern; the temperature
increases with the increase of rotational speed. With
a varying of the applied radial load where the force
maintained in a fixed direction, both numerical and
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Fig. 11. Experimental Infrared thermogram obtained by infrared camera CEDIP.
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Fig. 12. Rotationalspeed effect on temperaturerise of the bearing.
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Fig. 13. Temperature evolution with rotational speed of the
loaded and unloaded parts.
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Fig. 14. Numerical and experimental comparison of temperature
of node T5 with variation of the rotational speed.

experimental with a defect are compared. In Figure 19 we
show that as the radial load increases the temperature in
the bearing increases as well. Both curves have the same
evolution and both results demonstrate the validation of
the model to predict temperature increases with a localized
defect on the bearing.

In Figure 20, we present a comparison of the
temperature evolutions in between the loaded and
unloaded parts for a ball bearing with a defect. We notices
that the increase in rotation speed affects considerably the
temperature rise in the loaded part. It can be noted that the
presence of a defect in the bearing contributes considerably
to this increase. The same results are observed in Figure 21,
where the application of a radial load on the defective
bearing results in a drastic temperature rise compared to
that of the bearing without defect.
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Fig. 15. Radial load effect on temperature rise.
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Fig. 16. Influence of the radial load variations on the
temperature rises of the loaded and unloaded parts.
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Fig. 17. Comparison between numerical and experimental
results of temperature rise of node T5 as a function of radial load.
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Fig. 18. Comparison between numerical and experimental
results of temperature rise of node T5 as a function of rotational
speed for the damaged ball bearing.
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Fig. 19. Comparison between numerical and experimental
results of temperature rise of node TH as a function of radial
load for the damaged ball bearing.
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Fig. 20. Comparison of temperature evolution as a function of
rotational speed between the loaded and unloaded parts for the
damaged ball bearing.
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Fig. 21. Temperature evolution as a function of radial load
between the loaded and unloaded parts for the damaged ball
bearing.
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Fig. 22. Experimental temperature rise of node T5 results as a
function of rotational speed of a damaged and healthy ball
bearing.

In Figure 22, we compare the results obtained from
experimental tests: two ball bearings with and without
defect. Both temperature curves increase with increasing
rotational speed and exhibit the same pattern. Moreover,
in a defective ball bearing, the temperature rise is
considerably higher than that in a bearing without defect,
which shows that our theory is founded. Another
comparison of temperature evolution obtained from
experimental tests on the two ball bearings, with and
without defect, depends on the radial load as shown in
Figure 23. Indeed, it can be seen that with increasing radial
load, the dissipated heat increases as well. At high load
value, the effect of the thermal response on the dynamic
system is significant.

—a— Experimental without defect
—e— Experimental with defect

334
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©
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> 8
1 1

T T T
5000 6000 7000

Radial load (N)

T T
3000 4000

Fig. 23. Comparison of the temperature rise of node T5 as
a function of radial load between the damaged and healthy ball
bearings.

9 Conclusion

A well-maintained production equipment is necessary for
both safety and production concerns and requires accurate
and effective damage detection techniques and procedures.
This study reported on the thermal analysis of defected or
not defected bearings. A model validated by an experiment
was developed to predict heat distribution in the bearings
and quantify the severity of the defect or damage through
temperature increases. The model is based on the nodal
theory and incorporates a defect on the outer ring of the
bearing. The experiment was performed on a housing made
of two ball bearings and resulted in a temperature of the
damaged bearing higher than that of the good one.
In addition, the temperature at the loaded part of the
ball bearing was higher than that of the unloaded part.
These experimental results concur with the model’s ones.
The model quantified the severity of defects appearing on
the bearings with a good efficiency depending on the
conditions of use of the system. As we have seen, the
developed model also allows to analyses the influence of
operating conditions on a ball bearing without defect.

Nomenclature

Half-elliptical radius in the rolling direction (m)

Exchange surface (m?)

Half-elliptical radius in the direction transverse to

the rolling (m)

Cp  Specific heat (J/kg.K)

d Diameter of the rolling element (m)

D Diameter of the bearing ball (m)

Dy, Diameter of the outer ring or housing of the ball
bearing (m)

fo The factor depending upon type of bearing and

lubrication system (dimensionless)

The force exerted by a rolling element on the

singularity (N)

S R

F m
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Radial force (N)

Convective heat transfer coefficient (W /m?.°C)
Thermal conductivity (W/m.°C)

Bearing length (m)

Outer ring diameter (m)

Inner ring diameter (m)

Torque acting on the ball bearing (N.m)
Friction torque due to applied load (N.m)
Viscous friction torque (N.m)

Friction torque due to flange load (N.m)
Dynamical equivalent load (N)
Bearing frictional power loss (W)
Rotational speed (rev/min)
Kinematic viscosity of lubricant (
Thermal diffusivity (m?/s)

Peclet number (dimensionless)
Nusselt number (dimensionless)
Thermal resistance of conduction
Thermal resistance of constriction (°C/W)
Thermal resistance of convection

Temperature (°C)

Ambient Temperature (°C)

Area of outer ring (m?)

Width of the outer ring of the ball bearing (m)
Relative velocity of the cage (m/s)

Relative velocity of Contact (m/ s)

Kinematic viscosity of alr ! S

Thermal effusivity (J. K 'm?s! /2

Reynolds number (dlmensmnless)

Prandtl number (dimensionless)

Factor depending upon bearing design (dimension-
less)

Pitch diameter (m)

Normal velocity of the ball (m/s)

Shock period (s)

Periodicity of the passage of rolling elements upon
the outer ring defect (s)

Distance between the middle of two balls (m)
Mean radius of the bearing (m)

Number of rolling elements (dimensionless)

The passing frequency of rolling element on outer
ring defect (™)

The rotational frequency of the inner ring (s™*)
Power of shock (W)

Ball load under radial load or Stribeck load (N)
Surface defect (m?)

Time (s)

Generated heat rate (W)

Internal energy (J)

Number of rolling elements (balls)

Thermal resistance between nodes i and j (°C/W)
Thermal conductance between nodes i and j (W/°C)
Mass at node i (kg)

Specific heat of node i (J/kg.°C)

Heat transfer rate by the node i (W)

Energy flows exchanged between two nodes i and j
(W)

Heat flux (W/m?)

Error vector (°C)

m?/s)

n Total number of nodes (dimensionless)
W, Incident surface flux (W/m?)

o Contact angle

v, The energy of node j (W)
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