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ABSTRACT

Thermodynamic of conductive composite
materials is very complex, to calculate each
parameter we need to have good knowledge of
the necessary methods, because there is a lot of
parameters that we need to consider. In this paper
we will first explain the basic principle of thermal
load on the composite bearing, than calculations
of the heat flow for the sliding bearing / sleeve
system and of the sleeve temperature. The lifetime
of'a composite bearing depends also on the sleeve
heat flow and the sleeve thermal expansion but
also on the thermal expansion of the outer housing
of the sliding bearing. Therefore, in this paper

we will present and explain step by step all the
important thermodynamic parameters to ensure
good tribological understanding of the bearing /
sleeve system. In various papers we can see that
mechanical properties of composite materials
significantly depend on the working temperature
when it comes to avoiding bearing failure,
therefore it is good to calculate the maximum
working temperature. The purpose of this paper

is to explain the key parameters of avoiding

the damage of the composite slide bearing by
overheating.

Keywords: Composite slide bearing, bearing /

sleeve system, conductive composite, thermal
load.

1.INTRODUCTION TO THE
THERMAL LOAD ON THE
BEARING

The thermal load can be defined as the increase in
bearing temperature resulting from the conversion
of mechanical friction energy into heat due to

the relative motion between the sliding bearing
and the antibody under the action of mechanical
loading.
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Studies show that 84% to 91% of the generated
friction energy is converted into heat. The rest of
the friction energy is used for the fracture process,
deformation of the material and transformation

of the structure of the material [1]. In figure 1, we
can see the area of contact in the sliding bearing /
sleeve system and the area of heat generation.

Thermal overload can result in the melting of the
bearing material in the case of plastomers or the
separation of the matrix from the reinforcement,
in the case of duromer composites. Another
characteristic of both materials is the excessive
deformation of the material, which leads to an
increase in the contact surface area between

the sliding bearing and the sleeve, thus causing
excessive heat generation. Ultimately, this results
in a rapid buckling of the bearing material [2].

Composite bearing materials that operate in dry
working conditions without additional lubrication
by conventional methods like oil or grease
lubrication, have a relatively high friction factor,
so that at high speed, high temperature can be
generated, which can be greater than the allowed
operating temperatures of the bearing material.
Therefore, the bearing may overheat, which can
lead to a functional failure of the sliding bearing
[3]. Bearing materials designed for dry working
conditions in most cases they are designed to
operate at high loads at very low circumferential
speeds [4], [5].

The calculation of the temperature at the area of
contact of the sliding bearing and the sleeve can
be obtained through the heat flow rate released
from friction losses, i.e. from the force required to
overcome friction, as we can see in equation (1), (2).

P=0 (1)

P =l7v,=M;-w,=p-pr-B-D (2)
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X Heat transfer

Contact friction area,
heat generation

This calculation method according to equation
(1) is suitable for orientation calculation, but
in order to accurately calculate the heat flow
rate, the friction factor needs to be determined
experimentally.

It is more complicated to determine the heat
dissipation according to equation (3).

0,=0,+0,+0. 3)

Heat is transferred to the sliding bearing / sleeve
system in three different ways, namely:

* Conduction (p)
* Convection (k)
* Radiation (z)

The transfer of heat flow from the system to the
environment is crucial for design of the sliding
bearing geometry as well as for the proper
selection of the bearing material. Equations (4) to
(6) are the basic expressions for heat transfer.

Qp = A'g('gl _'92) 4)
Qk:A'a'(‘gl_‘gz) ()
. EY (Y

= A = ] == 6
Q. =6y, 4 (100} (100} ©)

N
Thermal Figure 1 Heat
conductivity and generation in system
radiation bearing /sleeve

There are some disadvantages of the sliding
bearing / sleeve system, which are [6]:

* The exact determination of the heat transfer is
very difficult to determine without experimental
studies

* Due to the unbalanced heat conduction, the
temperature gradient depends on the heat
direction

* It is very difficult to determine the exact values
of the contact surface area between the bearing
and the surrounding bearing surface, just by
determining the temperature gradient in the
contact area [7].

* The thermal conductivity coefficient A

for composite materials depends on many
parameters that affect its value. Most often, the
coefficient of thermal conductivity is determined
experimentally.

It is very difficult to describe a mathematical
description of the heat flow for the sliding

bearing / sleeve system by conventional methods,
but including an experimental part in the
mathematical description significantly increases
the cost of research, which is difficult to do

for practical real systems [8], [6]. Therefore, a
simplification of the mathematical formula for the
calculation of heat flow is used. The heat flow rate
in the sliding bearing / sleeve system depends on
their structural characteristics and the heat transfer
coefficient k.
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Equation (7) can be used to describe the heat flow
rate of the sliding bearing / sleeve system using
the heat transfer coefficient.

O=k-A-AT
)
1
=

Equation (8) describes the heat transfer coefficient
that is equal to the reciprocal of the sum of the
specific thermal resistances. It should be noted
that the magnitude 1/o represents the specific
thermal resistance of the heat transfer through the
boundary layer, and &/A indicates the specific
thermal resistance of the heat conduction through
the wall [9].

According to research, the heat transfer coefficient
for the polymeric bearing / sleeve system is

from 1 W/m’K to 10 W/m?K depending on the
proportion of metal-based alloying elements,
while for the composite bearing / sleeve system
without the addition of metal-based alloying
elements or carbon black, it ranges from 0.9 W/
m?K to 1.5 W/mK [2].

Increase of the friction factor results in an
increase of the bearing temperature AT, which
can be expressed by the equation (9).

u-p-v-B-D
AT =—>F——— 9
A ©)
2. THERMODYNAMIC

CALCULATION OF THE HEAT
FLOW FOR THE SLIDING
BEARING /SLEEVE SYSTEM

In order to calculate the required clearance in the
tribological system of the sliding bearing / sleeve,
it is necessary to set up a thermodynamic model
of the system from the parts in contact, and to
determine the temperatures of the individual parts.
Then we can assess the influence on the change of
their geometric sizes, which we can see in

figure 2.
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Simplifications and assumptions:

*  The coefficient of thermal expansion is
constant.

*  The sliding speed, ambient temperature,
bearing force and friction factor do not
change.

»  Stationary heat transfer is required.

*  In general, the thermal conductivity
coefficient A is temperature dependent,
A =A(T), and in the case of composite
materials (eg, duromer composite) and
depends on the direction of the fibers.

. Radiation and convection are not considered
within the sliding bearing / sleeve system.

*  According to Detter [10], the sleeve is
uniformly heated in contact with the sliding
bearing when the radial force is applied to
the bearing.

*  In the axial direction there is a fall in the
temperature of the sleeve, the farther we
are from the sliding bearing the lower will be
the temperature.

*  The temperature difference between the
sliding bearing and the outer sliding bearing
housing will be measured during testing in
our experiment.

*  The temperature of the sleeve will be
measured near the contact with the sliding
bearing.

In order to determine the required clearance of the
sliding bearing, it is necessary to determine the
relative clearance y, before installing the bearing
in the housing, as well as the relative clearance
that occurs when operating the bearing marked
with the mark y .

In order to determine the above relative
radiations, the following material characteristics
must be known.

¢ Heat thermal diffusivity a, to o,
*  Thermal conductivity coefficient A, to A,
*  Air heat thermal diffusivity a,

¢ Ambient temperature T,
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e Heat transfer coefficient £

e Width of sliding bearing B
*  Friction factor u

*  Normal force on bearing F,
*  Sliding speed v

Slide bearing diameter D, the inside diameter DK
and the outer diameter of the bearing housing DK |
as we can see in figure 2.

The relative installation clearance v, is
determined in an iterative manner, starting from
the outer diameter of the shaft d and the inner
diameter of the sliding bearing D in cold state
before operation and comparing it to the released
heat flow during the operation of the bearing,
which causes a decrease in the clearance.
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The selected value of relative installation
clearance y, must be sufficiently large so that the
sliding bearing can continuously operate in the
most unfavorable operating conditions, i.e. the
clearance is reduced to the minimum size allowed
due to the influence of one or more operating
parameters.

3. CALCULATION OF THE SLEEVE
TEMPERATURE

The temperature of the 7, sleeve can be
calculated using the equation (10) for which we
need to know the following values: heat transfer
coefficient k , surface area A, friction factor p,
normal force F, circumferential velocity v, and
ambient temperature 7.

U

u‘)
Case
/ 13, (04}

Bearing

/ A, a2

—— Sleeve / Shaft
)h, a1

Figure 2 Thermodynamic model of the sliding bearing / sleeve system
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The friction factor for the case of the sliding
bearing / sleeve is mostly obtained experimentally
with the device for testing the sliding bearings.

A review of the literature [10] notes a number

of different studies regarding the determination
of the friction factor of a durometric composite

in contact with a steel sleeve, depending on the
sliding speed, on the load and without lubrication.
The friction factor ranges from 0.18 to 0.32.

The heat transfer coefficient and the contact
surface of the two bodies describe the thermal
state of the sliding bearing / sleeve system.
According to the literature [12], [13] studies have
shown that for a polymeric sliding bearing / sleeve
system the amount of heat transfer coefficient
multiplied by a given contact area ranges from

1 W/Kto 10 W/K, depending on the type of
bearing material. In cases where carbon fibers are
present in the composite, the thermal conductivity
coeflicient increases, while it decreases in the case
of glass fiber composites, for which the thermal
conductivity coefficient is lower.

Studies [12], [14] have showed that for duromer
composites, due to their anisotropic property,
depending on the direction in which the heat
impacts the fibers, we will have a different heat
conductivity coefficient A as we can see in fig. 3.

/Matrix

7
Heat flow rate Fibre
> ‘I‘ _____ [\ /
—| | ]
—| ¥
_____
—_—

Pt

Figure 3 Effect of heat flow on a fiber of composite material
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The theoretical coefficient of thermal conductivity
from composite depends on the arrangement of
fibers and reinforcers. For evenly spaced fibers
within an amplifier, as in the case of the test
composite material under study, we can observe
two cases of thermal conductivity coefficient.

In the case where the heat flow rate acts in the
parallel direction of the composite fibers than we
have a parallel coefficient of conductivity 4, of
heat which can be seen in fig. 4 under a), and in
the case of perpendicular heat flow rate 4, to the
fibers there is a vertical coefficient of conductivity
of heat as can be seen in fig. 4 under b )

—_—
> Ae
> A
.

Heat flow rate

—
—
—
—i

Heat flow rate

v; Ao

b)

Figure 4 Parallel and vertical effect of heat flow on the
matrix and composite reinforcement

We can calculate the parallel thermal conductivity
coefficient XU using the equation (11).

M=V, A +(A=V,)2, (11)

The vertical conductivity coefficient A4, can be
calculated using the equation (12).

M N

v, 1Y,

A A (12)

A =

Equations (11) and (12) denote 4. of the
conductivity coefficient of the matrix, i.e.
fiber composite, for glass fibers of 1.2 W/m K,
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while the symbol A indicates the conductivity
coefficient of the epoxy reinforcer, 0.27 W/m K,
and the symbol A, denotes a fiber volume fraction
of approximately 0,556 [12].

For example tested durometer composite in this
paper was a Norden marine 605 bearing material,
the vertical thermal conductivity coefficient 4, is
set at 0.296 W/m K.

The thickness of the bearing wall is of great
importance for the heat transfer to the bearing
housing. The greater the thickness of the bearing
wall, the smaller the heat transfer from the bearing
to the housing, all of which can cause a difficult
cooling of the sliding bearing.

4. CALCULATION OF THE SLEEVE
HEAT FLOW AND THE SLEEVE
THERMAL EXPANSION

According to standard R310DE 2950 [15] the heat
flow of the sliding bearing drawn through the steel
shaft can be described by the equation (13)

2.
A, AT +K, -2
4.4

7-B-d

QSLEEVE =K,- '/IR AT

(13)

The dimensionless factors K1 and K2 describe the
extent to which the heat flow rate is transferred
from the sliding bearing to the shaft depending

on the bearing material and bearing geometry,

and according to R310DE 2950 [15] for polymer
composites they amount is K1 = 0.5 and

K2 =0.0416.

The thermal conductivity coefficient for the
duromer composite bearing material is d,,=0.296
W/m K, while for the stainless steel sleeve AISI
316itis d,=17 W/m K.

According to the literature [15] the thermal
expansion of the sleeve, outside diameter d, of
the sleeve, can be described by the equation (14).

d,=ao,-(I;, -1,)-d, +d, (14)
In the equation (14), description ¢, indicates
the coefficient of elongation of the material of
stainless steel, from which the sleeve is made.

The operating temperature of the sleeve is
indicated by T}, , the ambient temperature d o
and the initial diameter of the sleeve is indicated
by d,.

5. THERMODYNAMIC
CALCULATION OF HEAT FLOW
FROM SLIDING BEARING

The total friction force is described by the
equation (15).

Pe=pFy v (1s)

In order to calculate the heat flow of the sliding

bearing Qsearme, it is first necessary to calculate
the total thermal resistance of the sliding bearing
of the duromer composite. Thermal resistance

R, .., describes the resistance to the heat transfer
and is opposite to the coefficient of the heat
transfer £.

Depending on the thickness of the wall (&), the
surface of the wall (A), and the characteristics of
the material, of which the heat transfer coefficient
(M) 1s the most important in this case, we can
describe the equation (16) with the thermal
resistance R, [1]

o
R =— 16
T (16)
As we can see in the equation (14), the thermal
resistance increases with the thickness of the wall
and decreases with the increase of the wall surface

and the increase of the heat transfer coefficient.

The difference in temperature between the inner
and outer walls (AT") can be described as a
product of thermal resistance R, as we can see in
Equation (17).

AT = Rk ’ QBEARING (17)

Analog to Ohm's law in electrical engineering
described by the equation (18), the equation (17)
is also known as Ohm's law of heat conduction.
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This can be explained as a change in temperature,
in our case the temperature drop is equal to the
voltage, the thermal resistance is equal to the
electrical resistance, while the heat flow rate is
equal to the current strength [1]

U=R-1 (18)

Depending on the number of walls that are in
contact with each other, the thermal resistance can
be summed up as a parallel connection of resistors
as in electrical engineering [1] which is described
by the equation (19).

R

k sum

R

By formulating Ohm's law for the tube wall,
thermal resistance [1] can be described by the
equation (20).
In D
D

R — vV
* 2.7-B-1, (20)

In order to calculate the thermal resistance of

the pipe walls for the particular case of the test
bed, which can be seen in the equation (21), it is
necessary to know the heat transfer coefficient of
the composite bearing material (A,), the outer steel
housing of the bearing (1,) and the length of the
sliding bearing (B).

ln DKv,k ‘Dv,k
DK D
Rk sum = £ + £ (21)
9.2 -m-B 2-A-m-B

The sliding bearing heat flow rate can be
calculated using the equation (22).

; Ty —15)

Qrrme = = (22)

Rk,sum
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6. CALCULATION OF THERMAL
EXPANSION OF THE OUTER
HOUSING OF THE SLIDING
BEARING

In order to calculate the thermal expansion of

the housing, it is necessary to determine the
temperature of the cushion from the inner walls of
the housing 7', to the outer sides of the housing 7,
as can be seen in figure 2.

The temperature 7, i.e. the temperature with
the outer sides of the housing, can be described
by the equation (23). It is important to increase
the outdoor temperature to about the ambient
temperature 7 [9].

T _ QBEARING 4 To

= 23
’ ”'B'aAir'DKv,k ( )

The temperature of the inside housing 7', which
is in contact with the outer diameter of the sliding
bearing, can be calculated using the equation (24).

Q 1 DKV k
. n e
BEARING
7= Dy o1, (24)
2-7-B-J

The assumption of the calculation of the test
system, i.e. the outer bearing housing, is
stationary heat conduction [1] with a sufficiently
small error for non-stationary heat conduction.
With non-stationary heat conduction, the
temperature changes over time, so we do not have
a regular form of linear temperature drop but
rather a non-linear temperature drop.

7. CONCLUSION

As presented in this paper, the thermodynamic
calculation can be very complex. Therefore, it is
recommended to calculate all the parameters from
step 1 to 6 (Calculation of the thermal expansion
of the outer housing of the sliding bearing) to
avoid all potential failures. As described, before
proceeding with the calculation, it is necessary to
precisely gather all the relevant values necessary
for calculation.
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It is important to understand that on the market
we have a lot of different composite materials
that have different thermal properties, and lose
mechanical properties in high temperature, which
can lead to failure of the composite bearing. If
we don’t know some of the necessary values, it is
recommended to make specific thermodynamic
experiments to ensure the exact calculation of
values. For future research, it would be good

to investigate the change of the contact area
between the slide bearing and the sleeve at higher
temperatures.
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