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ABSTRACT

This research work is devoted to the development of a robust and simple

technique for the determination of thermal conductivity of rubber compounds.

The method combines the simplicity of the measuring the temperature using

thermocouples and high versatility of the finite element method as a

mathematical tool . Standard Galerkin method has been used to solve the
steady state heat transfer equation developed in an axisymmetric framework.

The working equations are solved by the use of a finite element code called

HSTAR . Preliminary pre-processing and post-processing stages have been

carried out using GEOSTAR program . The developed technique is used to

determine the thermal conductivity of five rubber compounds at three different

temperatures . Comparison of the obtained results with data collected from

another experimental method confirms the accuracy of this method . It is
shown here that this method not only predicts the thermal conductivity of

rubber compounds but also may be used for the determination of thermal

conductivity of any prefabricated products or samples.
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INTRODUCTION

There are many sophisticated engineering applica-

tions of rubber articles such as insulators, hoses, 0-

rings, etc in which rubbers are in close contact with

high temperature media. In these cases thermal

behaviour of the elastomeric products highly depends
on the thermal properties of the constituent rubber

compounds . On the other hand in the production

stage, heat transfer taken place in rubber plays a

significant role on physical and mechanical properties

of the final product . Consequently, in order to optim-
ize both the manufacturing process and performance

of the product, the proper determination of the

thermal conductivity is of prime impottance . Different

techniques ranging from simple devices to highly
computerized systems have been devised to accurately
measure the thermal conductivity of rubber

compounds . Examples of some of these methods can

be found in references 1-4.

(•) To whom correspondence should be addressed, E-mail : M,H .R.Ghoreishy©proxy.ipi.ac.ir
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In the present work, we have developed a new
method for the determination of thermal conductivity
of rubber compounds based on the temperature
distribution obtained from direct measurement in a
rubber sample and mathematical modelling of the
heating stage . The mathematical model used in this
work is based on an axisymmetric finite element
model [5], which was previously developed for the
simulation of tire curing process . The main novelty of
the present work is to combine the high versatility of
the fmite element technique with the ease of temp-
erature measurement as engineering parameter . This
gives rise in employing this method not only for the
measuring of thermal conductivity for the proposed
test samples but also for direct measurement of any
complicated rubber goods.

In the following sections, we first describe the
sample preparation technique and the experimental
method used to determine the temperature profile, and
then the mathematical model, which is used to convert
the raw data obtained of the experimental section to
the thermal conductivity values, is explained . The
results of the thermal conductivity for five different
rubber samples are presented in the next section.

In order to show the accuracy and reliability of
our method, the results of the present work have been
compared with thermal conductivity data obtained
from another technique, which confirms the applica-
bility of present procedure.

EXPERIMENTAL

Samples
Five rubber compounds have been selected in this
study for the measurement of thermal conductivity by
the mentioned procedure . These compounds are used
in various parts of a truck tire, which are encoded in
this paper from C l to C 5 , respectively . For each
compound to be investigated two rubber discs with
identical dimensions have been moulded in a conven-
tional compression moulding press . The diameter and
thickness of the discs are 50 mm and 12 .5 mm,
respectively . Cure temperature for all compounds was
160 'C . The cure time for the samples has been

Tablet . Cure time of the compounds.

Compound

	

Cure time (min)
Cl
C 2
C 3
Ca

C5

determined by a Zwick oscillating disk rheometer as
shown in Tabie 1.

Having completed the moulding stage, the
prepared specimens are maintained in a constant
temperature oven (80 'C) for 2 h to finalize the post-
cure step . These samples are subsequently immersed in
water to obtain a uniform temperature. Two rubber
discs are stacked up building a cylinder with a thick-
ness of 25 mm. Also in a separate experiment a
cylinder consisting of four-stacked discs are used to
consider the effect of model geometry on the accuracy
of the results, which showed that the model is
independent of the type of geometry used in the
simulation.

Method
The apparatus used in this investigation consists of a
simple platen press with two thermally controlled
plates . Two thermocouples (type T) have been
inserted between the rubber discs (at the center of the
cylinder) and on the upper surface of the cylinder.
This assembly has been placed between the press
plates (Figure 1). The temperature of the press is set
to a pre-specified value and the temperatures at the
surface and center of the final test specimen are
measured and recorded by a Yokogawa model DR130
multi-recorder instrument.

MATHEMATICAL MODEL

The governing equation of the steady state heat
conduction in a two-dimensional cylindrical
coordinate system (r, z) (axisymmetric) is given as:

r & (rk ar az &z
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Figure 1 . Stacked rubber samples (disc) located between
press plates.

In this equation T is the temperature, r, z are the co-
ordinates of the two-dimensional cylindrical system
and k is the thermal conductivity, which in general
may depend on temperature. Details of the finite
element working equations associated with this
differential equations as well as solution strategy are
completely described in our previous paper [5].

However, a brief description of these equations
is presented in the appendix.

RESULTS AND DISCUSSION

The experimental runs were carried out on five
previously mentioned rubber compounds (C 1 to C 5 ) at
three different pre-set press temperatures, which are
100, 110 and 120 'C, respectively . The temperatures
at the surface and center of the samples are measured

and recorded . The steady state values of the
temperatures at both locations are given in Table 2.

It should be pointed out that since the control
system cannot precisely set the press temperature, the
temperatures measured at the sample surfaces differ
from the pre-set values. However, the measured
surface temperature is used as the boundary condition
in the model. A 2D axisymmetric mesh shown in
Figure 2 has developed the finite element model
corresponding to this heat transmission system . The
working equations of this finite element model have
been solved by HSTAR program, which is the heat
transfer module of COSMOSIM package . The domain
of analysis (Figure 2) is discretized into 100 eight-
nodded serendipity Lagrangian elements with total
number of nodes equal to 341 . Two types of boundary
conditions are used to complete the mathematical
model. Prescribed temperature (first type) boundary
condition is used at the top and bottom of the sample
(press plates) and convection boundary condition
(third type) is used to simulate the interaction of the
sample walls with surrounding media (Figure 3) . The
ambient temperature of the air is determined by a
manual thermocouple instrument, which is recorded
in Table 3.

The heat transfer coefficient is generally depen-
dent on temperature and geometry of the sample and
it is given by the following empirical equation [6]:

h=1 .37( T	 m ) (2)

Where, L is the sample (cylinder) height and T~ is the
ambient temperature given in Table 2.

Table 2. Surface and center temperature at steady state condition.

Pre-set Compound C, C2 C 3 C4 Cs
temperature (C) temperature (C)

100 Surface 104.4 104 .9 100 .6 102 .2 '1.03.2

Center 95 .8 95 .5 94 .5 94 .8 95.5

110 Surface 111 .8 111 .1 111 .5 111 .8 111 .5

Center 103 .7 101 .7 103.7 103 .7 102 .5
120 Surface 120 .1 121 .2 121 .4 119 .2 120 .3

Center 112 .6 113 .4 114 .7 110 .8 112.6
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X - Radial direction
Y - Lateral direction

Figure 2. Finite element mesh of the model.

The analysis for each compound at a pre-
specified press temperature starts with an initial
estimate for k.

By performed thermal analysis, the calculated
temperature at the center of the cylinder is compared
with experimentally measured value given in Table 2.
If the computed temperature is equal to the experiment-
ally evaluated temperature within a certain error level
(<0 .1%) then k is selected as the thermal conductivity
at that temperature. Otherwise k is changed and the
analysis is repeated until the convergence is obtained.

The calculated values of thermal conductivity for
these compounds are reported in Table 4 . Temperature
distribution for compound C l and press pre-set temp-
erature 100 'C is shown in Figure 4.

It is generally known that the thermal conductivi-
ty of rubbers decreases with increasing of temperature.

Table 3 . Measured ambient temperatures .

Press pre-set
temperature (C)

Ambient
temperature (C)

100
110
120

47 .5

54

70

(1) and (2): Conveuwn type boundary mnditon

(3) and (4): First type boundary co dihon

Figure 3. Boundary conditions of the model.

Table 4 . Computed values of thermal conductivity for five
rubber compounds.

Compound Center
Temperature

(C)

Our
method

k (WIm C)

Other
method

k (Mat)
95 .8 0 .08 0 .08

103 .7 0.07 NIA

112 .6 0 .06 NIA
102 .2 0 .075 0 .075

95 .5 0 .07 0 .08

C2 101 .7 0 .065 NIA
113 .4 0 .06 NIA

94.5 0 .13 0.13

C3 103.7 0 .10 NIA
114.7 0 .09 NIA

94.8 0.1 0.095

C4 103.7 0 .09 NIA
110.8 0 .07 NIA

95.5 0.08 0 .075

Cs 102 .5 0.075 NIA
112 .6 0.073 NIA

•- This case corresponds to the four-stacked disc model

*•- Not available

318

	

Iranian Polymer Journal / Volume IO Number 5 (2001)



Area of meaammq the

lemperanre - ap of

the ammT.pyof

Temp . fci
154

102

55.1

87.1

a7

023
as .8

87 .4

85 .0

82 .5

80.1

77.7

75.3

17

7

a

2

Ghoreishy M.HR . el al.

our previous work [5] is a transient model therefore,
this method can also be used for the determination of
heat capacity and thermal diffusivity of rubber
compounds.
-The accuracy of this method has been confirmed by
comparison of the results with data obtained from
another experimental technique.
-This method showed that the thermal conductivity of
rubber compounds generally decreases with the
increasing of temperature, which is in complete
accordance with previous publications.

Figure 4. Temperature distribution for compound Cl and
press temperature equal to 100 'C.

This phenomenon is also observed in our experiments
as shown in Table 4 . In order to evaluate the accuracy
of our method, the thermal conductivity of the mention-
ed compounds were determined by a different experi-
mental technique [7] . This technique is based on the
heat application from pre-heated vessel containing
water to specimen and measuring of the variation in
water temperature with time . Using a simple 1D linear
relationship for heat flow, this temperature has been
used to calculate the thermal conductivity of the rubber
samples.

The results obtained by the latter method are
also recorded in Table 4 . As it can be seen a very
good agreement between the two sets of data are
observed. This generally confirms the accuracy and
applicability of this method.

CONCLUSION

The following outcomes can be deduced from this
research work:
-Combining the mathematical modelling and the
measurement of temperature as the simplest variable in
a thermal system makes it possible to easily determine
the thermal conductivity of rubber compounds.
-The method is ready for further development in
order to take any complicated geometry . This would
be especially useful when measuring the thermal
conductivity of a pre-shaped sample.
- Since the original mathematical model developed in

APPENDIX

The finite element working equations associated with
the steady state heat transfer equations in 2D
axisymmetric framework (equation l) is given as:

[K(e)]{T(0}

	

{F (e)}

	

(A-1)

Where,

[K(')]„ _ 'J[k(+

	

a i )]rdrdz
(3r Or

	

7z ~z

{F(`)} i = ly.t i [k(_ n r + 1 n 2 )]rdr

In these equations [K(e)] is the stiffness matrix,
{F(e) } is the load vector, {T(e) } is the vector of
unknown, yr is the weight (interpolation) function, n r
and n2 are the components of the unit vector normal to
the boundary and F represents the boundary of the
domain.
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