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Abstract. In this paper, a thermal model of a ball bearing subjected to radial
loads is presented. By the application of the State-Space approach and the
Light Gray-Box lumped parameter thermal network, the temperature of the
inner components of a ball bearing, these are: outer-race T,; balls T}, and
inner-race T;; and the temperature of the housing T}, were determined. The
relation between the external force, rotational speed, lubrication type, were
investigated for the purpose of determining the total frictional moment My
that occurs among the elements comprising the ball bearing. Subsequently,
the total heat losses Qf were calculated together with the heat distribution
along the elements of the ball bearing. The analytical results were validated
experimentally. It could be seen that the standard deviation of temperature
between the thermal model and the experimental measurements over the
outer-race T, and housing T, were sd =5.06% and sd = 0.33% .
Moreover, the temperature of the balls T, and the inner-race T; were
predicted. In this context, the results show good agreement with real data,
therefore, the thermal model can be utilized to foresee the thermal behavior
of bearings with similar geometry that undergo effects of radial loads.
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1 Introduction

Ball bearings are mechanical components that can be found practically in every machine or
mechanism involving rotational movement. In fact, their proper functioning directly
influences the performance of a machine. Among the factors that might lead to an inadequate
functionality of a ball bearing is the thermal behavior thereof, which is characterized by
internal aspects including, friction between the balls and races, the type and regime of
lubrication; and external factors including, the type of the applied load, the rotational speed,
the type of bearing arrangement, among others. Over time, significant contributions
regarding the investigation of the thermal analysis in bearings have been conducted, thus,
revealing issues that can be avoided or diminished in order to guarantee a suitable
performance of ball bearings and adjacent elements. Nevertheless, the determination of the
temperature paths and temperature distribution within the elements of a rolling bearing is still
an issue that demands attention. The techniques and methods to determine the thermal
behavior of a bearing include analytical and experimental approaches. Certainly, the
analytical approach presents more complexity, as it involves the solution of cumbersome
mathematical formulations. In contrast, the experimental approach could be more consistent,
since real data can be obtained; nevertheless, the cost of performing an experiment represents
a considerable impediment. The most suitable method to determine the thermal behavior of
ball bearings is the combination of experimental and analytical approaches. To mention some
remarkable contributions on this field, Hoffman F. et al [1], presented a thermal model speed-
dependent and speed-independent thermal ball resistance, being able to determine accurately
the temperature distribution of a ball bearing, however, no experimental validation has been
performed. Takabi J. et al [2], presented a comprehensive mathematical model to analyze the
thermal behavior in ball bearings in steady- and transient-state applicable for a wide range of
ball bearings. By experiments, the heat convection coefficients of air approaching the housing
were determined, since it is a complex geometry and analytically cannot be found.
Furthermore, their model, can estimate thermally-induced preload, which is suitable for
investigation of the thermal seizure failure of ball bearings. Boglietti A. et al [3], present a
survey on the evolution and the modern approaches in thermal analysis of electrical machines
and their inner components, including bearings, which are utilized in this research. In their
work, the lumped parameter thermal network concept is described at detail, as well as
numerical techniques including, computational fluid dynamics CFD and finite element
methods FEM applied to thermal analysis. Nakajima K. [4], analyzed the thermal contact
resistance between the balls and the inner and outer rings of a deep groove ball bearing
subjected to axial loads, radial loads and a combination of both. Their findings show the
relation of the thermal resistance and the applied load, the rotational speed and the contact
angle.

Having said that, this paper presents a thermal model for determining the temperature
distribution in a deep groove ball bearing model SKF 6303, subjected to radial loads within
the range of F, =0-1.7kN and a rotational speed within the range of n=0-1450rpm. The

representative model is divided into four control volumes, the housing, the outer-race, the
balls and the inner-race. To create the lumped parameter thermal network, a concept widely
utilized in electrical machines to determine their thermal behavior is applied in this work, the
so-called light-gray box LPTN. The foundation and conceptualization of this methodology is
extensively described in [5-6]. The main reason of applying this methodology lays on the
possibility to model analytically the components of the representative model dividing them
in a range of 5-15 nodes and the determination of the lumped parameters are based on the
heat transfer theory. The nodes were meticulously selected, in order to enhance the
calculations and the accuracy of the results. The thermal contact resistances are calculated as
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functions of the frictional moment and heat losses. The energy equation is applied to each of
the control volumes and its solution is obtained applying the state-space approach for the
outer-race, balls and inner-race. In the case of the housing the analytical solution of the energy
equation was solved as a non-homogeneous linear differential equation, since it is a static
element and its initial condition could be determined by measurement. In this manner, the
temperature fields of the housing T,, outer-race T,, balls T, and inner-race T, were

1
calculated and were validated by experimental measurements obtained in an experimental
bearing testing rig. The results are coherent since the deviation at the final time was less than
2.5 °C between the proposed thermal model and the experimental data.

2 Development of the thermal model

In this research, the development of the thermal model is divided into four stages, these are:
load, friction, heat generation and state-space model as shown in Figure 1.

| | | |
Load | Friction | Heat | State-Space | Thermal
Model | Model | Generation | Model | Model
| | Model | |
I Sliding } I Housing I
| Fri‘gtion | | |
Dynamic ol ‘To_tal | | Power || |
equivalent | Irictional . losses
radial load Morment 1 |
ik | Rolling —f ‘ O |
Friction
I .“/irr } I
Stage 1 mimms Stage 2 m)-Stage 3 W) Stage 4 |

Fig.1. Stages of the thermal model. Load, friction, heat generation, State-Space model. (Source:
Author).

2.1 Load Model

Primarily, deep groove ball bearings have more radial-carrying load capacity [7-8].
Therefore, it is not recommended for this type of bearings to be subjected to thrust loads. To
assure that a ball bearing is subjected to radial load, the ratio f, between the axial load F,

and the basic static load of the bearing C, must be determined and the relation between the
axial F, and the radial load F, must be less than 0.50 f **".

Expanded information about the formulation of this relation can be found in [8]. Therefore,
the dynamic equivalent radial load P, is equal to the radial load as shown in Equation 1.

P, =F, =F -cos(a) ()]
Where « is the contact angle and F, is the total applied force.

2.2 Friction Model

Bearing friction is not constant and depends on diverse factors that occur due to the external
loads applied to the bearings, the rotational speed and the lubrication conditions. In this
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particular case, two main factors are considered, these are: sliding friction M, which
depends on the type of lubrication and the rolling friction M, , which enables the rotational

movement, although simultaneously heat is dissipated. The manufacturers of bearings
provide their own mathematical expressions to determine the total frictional moment. In this
instance, the SKF frictional moment formulation is applied. Further details can be found in
[1,9]. The total frictional moment was calculated applying Equation 2.

M, =M, +M, 2

Several values of the total frictional moment were calculated for different values of
radial forces and within the established speed range and are shown in Figure 2.
Effects of radial force vs. Rotational speed n
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Fig.2. Total frictional moment M, .

2.3 Heat Model
Heat is dissipated among the elements of the ball bearing (balls, inner- and outer-race) and
the adjacent components (housing, shaft). The total heat losses Q, depend on the total

frictional moment and the rotational speed, and are determined using Equation 3.

Qi =M;-n ®)
The total heat loss Q, , flows through the contact interfaces and is partitioned into the

outer-race Q,,, balls Q, and inner-race Q, as shown in Equation 4.

Qp =0.25-Q,
Qy, =05-Q; (4)
Q; =0.25-Q;

Heat is dissipated by conduction due to friction contact between the outer-race and balls
and inner-race and balls, obeying the laws of heat transfer theory [10]. The thermal
resistances among the elements depend on the contact region generated when two surfaces
interact. Generally, the contact region has an elliptic form and the determination of its major
and minor axes a,b, respectively, are found applying Hertzian contact theory. In this work,

the calculation of the thermal resistance R, between the contact regions is a function of the
complete elliptic integral of the first kind w(a/b), the major axis aand the thermal

conductivity k of the elements. Hence, the thermal resistance is calculated using Equation
5.
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Heat transfer by conduction is determined for the contact regions, these are: the inner-
race and ball Q,, the balls and the outer-race Q,, the shaft and the inner-race Q,. The

formulation is given by Equation 6.

_ (Ti _Tb)
Qib Rib
— (Tb _To)
Qbo - Rm (6)
_m-T)
is R

Heat by convection is generated between the balls and the lubricant-film Q,, , the outer-

race and lubricant-film Q,, the inner-race and lubricant-film Q, and between the housing

ol »

and the surrounding air Q,,. The heat convection coefficient of the lubricant h was

calculated determining the Dean convection coefficient, which occurs between annular rings
as in the present study. Extended details of the calculation and determination of the Dean
flow phenomena can be found in [11-13]. The convection coefficient of air h, was obtained

from [14]. The formulation for the heat by convection is given by Equation 7.

Qy = h, (T, -T)
Qo =h - 0 =T
i =h -0, -T) @
Q :h, (Tl _T|)
Qha = ha ' (Th _Ta)
The heat paths are depicted in Figure 3.
. f Qha
Q RN Q,f’n Quter-race /
Housing
Q[m Q{)[
2, . Ball
(Roller)
Qib QMA Q‘ﬂ
&. Inner-race/
Shaft
i + Qia

Fig.3. Heat flow distribution in the representative model. (Source: Author).

2.3.1 Lumped Parameter Thermal Network

A lumped parameter thermal network (LPTN) applying the light-gray box concept is
implemented. The main reason for this creative approach is to find the diffusion nodes [6],
thermal resistances, thermal paths and heat sources sufficient to describe the complete heat
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transfer problem and apply heat transfer theory. On that account, 10 diffusion nodes, 3 heat

sources and 9 thermal resistances were
presented in Figure 4.

conceived. The lumped parameter thermal network is

o)

N, ,; lousing

N,  Surroundings
Ns  Outer-race

N g Lubricant film
N; Ball

Ny Inner-race

Ny Shaft

Shaft

Thermal Resistance Network Light Gray-Box LPTN

- Thermal path
~ lleat Source
R—~w— — Thermal resistances

- DifTusion nodes

Housing &%

Inner-race

Fig.4. Lumped parameter thermal network using Light Gray-box approach. (Source: Author).

Employing the LPTN model and applying it to the four control volumes, the energy
equation for the housing, outer-race, balls and inner-race is given in Equation 8.

o, T
mh'cp'Eh:Quh_Qha

n

oT,
m, - Cp : ato = Qf0+Qbo_QuI

r r

oT. n n 1 1 ®)
b
m, -C, E = Nbe+Qib_Qbo_le
oT. 1 1 n
m;-C, .EI:in_Qib_Qil_Qis

,where m,,m,m,,m,, are the masses

of the housing, outer-race, balls and inner-race,

respectively. The number of balls is given by N and c, is the specific heat.

2.4 State-Space Model

Equation 8, cannot be solved by conventional means, since there are more unknown variables
than equations. Furthermore, these differential equations are linear non-homogenous
equations, therefore, by traditional analytical methods, might be cumbersome to obtain a

particular solution. In order to find a

solution of Equation 8, the state-space approach is

applied, considering that this system is linear time invariant, the inputs of the system Q, , can

be calculated from the external sources and that are sufficient conditions to determine the
state-variables T,,T,,T, of the system. A vast explanation about the usability and

determination of state variables and the state approach is given by [15-16]. The state-space
model of the system is given by Equation 9.
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,where A,A.A, are the convective surfaces of the ball, inner-race and outer-race
respectively, the variable y, represents the output vector. In the case of the housing, the

equation was solved as linear non-homogeneous differential equation, since it is possible to
determine the initial conditions by experimental measurements. Therefore, it facilitates the
determination of the particular solution, which was found using Equation 10.

T, =[@,-Q, it
T.(t=0)=Th

(10)

3 Results

The thermal model was solved and computed using MATLAB. The thermal properties and
values of the coefficient involved in the calculation are given in Table 1. The geometrical
characteristics of the Deep Groove Ball Bearing model 6303 SKF can be found in the
catalogue of the manufacturer [17].

Table 1. Thermal properties of the ball Bearing.

Thermal Conductivity

k = 46.6W/mK

Specific Heat

¢, = 460J/kgK

Density

p =7860kg/m®

Convective Coefficient of air

h =12.31W/m?K

Convective Coefficient of the
lubricant

h, = 409W/m?K

The heat

dissipation was calculated under the specified range of radial loads

F. =0-1.7kN and within the rotational speed range n=0-1450rpm which were chosen in

accordance to the capabilities of the testing bearing rig wherein the thermal experiments were
performed. The behavior of the total heat dissipation is depicted in Figure 5.
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Heat generation by friction

6)Fr=1.69 kN
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2.5 =

Heat loss, Q(W}
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e -

L]

e -
]

-

n
Fig.5. Total Heat losses Q .

3.1 Thermal experimental measurements

80D

1000

Speed n,(rpm)

1200 1400

Experimental measurements were carried out employing an experimental bearing testing rig
shown in Figure 6. The temperature of the non-movable parts (housing, outer-race, seal),
were measured implementing four type K thermocouples, along with a thermal camera. The
measurements obtained from the thermocouples were recorded by a thermal data logger. Six
different values of radial loads shown Figure 5, were exerted over the housing by a hydraulic
piston. The radial force was maintained constant during the specified time, as shown in Figure
7. The frequency of the electrical motor connected to the shaft of the bearing testing rig was
setat f =25Hz, resulting in n =1445rpm from the electrical motor.

Fig.6. Experimental Bearing Testing Rig.
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External load F,, (kN) vs. time t,(s)
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Fig.7. Radial Force F, =1.69KN vs. time t =750s .

r

3.2 Validation

The analytical solution of the thermal model has been compared with the experimental results
for the housing and the outer-race. Subsequently, the predicted thermal behaviors of the ball
and the inner-race were calculated. The thermometer YCT YC-747D wherewith the
experimental measurements were obtained, possess an accuracy of +(0.1% rdg.+0.7 °C), a
resolution of 0.1 °C and its range of measurement goes from (—100 °C to 400 °C). Therefore,
the instrumentation is appropriate in order to get accurate results.

3.2.1 Housing

Figure 8 depicts the thermal behavior of the housing. The initial condition T, (t =0)=25.5°C
was obtained from measurements at the beginning of the experiment. The experiment was
conducted in a range of time equals to t=762s. The analytical solution was determined
solving Equation 10 for the same time period.

Temperature distribution of the Housing Th
40 T

Thermal Model. t=762 s Th=38.98 °C
| Exp. Approach. =762 s Th:38.8 °C

o
=301
Thermal model.Housing
25 .
Experimental measurement
0 200 400 600 800
time t,(s)

Fig.8. Temperature distribution of the housing T, .
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3.2.2 Outer-race

Figure 9, illustrates the thermal behavior of the outer-race. In this case, the state-variable T,

was calculated and the analytical and experimental analysis was performed during the same
period of time as for the housing.

Temperature distribution of the outer-race Ta

Thermal Model. t=762 s TO=42.95 °C
40} Exp. Approach. =762 s T0=4O.08 °C

35

T.(°C)

[s]

30

Thermal model. Outer-race
Experimental measurement

251 ) . . ]

0 200 400 600 800
time t,(s)

Fig.9. Temperature distribution of the outer-race T, .

3.2.3 Ball

n
The thermal behavior of the ball, depends on the input variable Q, , and the solution of the state-

space model. Figure 10, illustrates the estimated thermal behavior of the balls.
Temperature distribution of the ball 7,

80r

t,(s) 300

oy 7,(°C) 795

G 60
2 50

40

30 Thermal model.Ball | |

50 100 150 200 250 300
time ¢,(s)
Fig.10. Temperature distribution of the ball T, .

3.2.4 Inner-race

The thermal behavior of the inner-race is shown in Figure 11. The time of analysis is the
same as utilized for the previous control volumes.

10
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Temperature distribution of the inner-race TJ

t(s) 762

T,.(°C) 42.4102

Thermal model. Inner-race

0 200 400 600 800
time t,(s)
Fig.11. Temperature distribution of the inner-race T, .

Table 2 presents a comparison between the thermal model and the experimental
measurements for the housing and the outer-race, the mean standard deviation has been
calculated to assess the agreement between the thermal model and the data.

Table 2. Temperature comparison of the experiments and the thermal model.

Control | Initial Temperature | Final Temperature Increment Deviation
Volume °C t=762s T(°C) AT
Exp. Th. Exp. Th. Exp. Th. °C %
Model Model Model

Housing 23.50 23.50 38.80 38.98 15.30 15.48 0.13 0.33
Outer- 26.50 28.00 40.08 42.95 13.58 14.95 2.03 5.06
race

4 Conclusions

In this research, a thermal model for a ball bearing subjected to radial loads was presented,
applying the state-space approach and the Light Gray-Box lumped parameter thermal
network. The Light Gray-Box LPTN methodology was selected aiming to obtain accurate
results and establish appropriate thermal diffusion nodes. It could be observed that by the
application of this methodology, sufficient parameters were determined, including the
thermal resistances, heat sources and thermal paths. Three state-variables were chosen aiming
to predict the thermal behavior of the bearing, these are: the temperature of the outer-race T,,
the temperature of the balls T, and the temperature of the inner-race T, . The input-variable

n
of the system was the total heat flux Q, , which determination depends on the total frictional

moment, the rotational speed and the applied external load. It could be seen that these
variables are appropriate and enough to describe the heat transfer phenomena herein. The
thermal behavior of the housing T, was calculated apart from the state-space approach, since

the descriptive parameters are simple to measure by observation. A particular solution of the
non-homogenous linear differential equation describing the energy exchange of the housing
was found. The presented thermal model has been validated by experimental measurements.
During a range of time t=762s, an increment of temperature equals to AT =15.30°C and

AT =13.58°C occurred in the housing and outer-race respectively. The mean standard
deviation of sd =0.33% for the temperature distribution in the housing and sd =5.06% for the

outer-race was calculated. The temperature of the ball and the inner-race could not be

11
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measured experimentally, since these elements are non-static, therefore is not feasible to get
experimental results. Nevertheless, the proposed thermal model was able to foresee the
temperature behavior of these elements. It could be seen that the predicted final temperature
of the balls was T, =79.5°C . It is comprehensible, since the balls will absorb more heat from

the total heat losses. In the case of the inner-race the final temperature was T, =42.41°C.

1
Having said that, the presented model is in good agreement with the experimental
measurements, therefore it can be applied to determine the thermal behavior in ball bearings
of similar geometry. It is important to remark the model is controllable and observable,
however, for this application it is only considered as an observer.
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