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ABSTRACT: A mathematical model was developed to predict the temperature distribu-
tion within various layers of conveyor belts during the continuous curing process. The
results predicted by the model are found to be in good agreement with the experimental
results, hence justifying the capability of the model for simulation of the conveyor belt
continuous process. This information was utilized to provide more insight into the
curing process in terms of the state of cure (SOC) and/or the degree of conversion, which
may, in turn, be utilized for the optimization of the curing process. © 2000 John Wiley &
Sons, Inc. J Appl Polym Sci 77: 2448–2454, 2000
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INTRODUCTION

A conveyor belt is a fabric-reinforced elastomeric
composite like tire, which is conventionally cured
by the intermittent process.1 In recent years,
however, attempts have been made to use the
continuous process as an alternative method.2

This is because the latter has proved to have the
advantage of being more economical and the ca-
pability of producing higher-quality products.
Conveyor belts produced by the continuous pro-
cess show only 2.5% growth in overall length in
900 h of loading, while, under identical condi-
tions, the belts produced by the conventional
method exhibit 2.5% growth in less than 200 h.

Optimization and controlling the production
line of the conveyor belt continuous curing pro-
cess needs a good knowledge of the temperature
distribution within the layers. However, hetero-
geneity of the conveyor belt and the transient
nature of the heating, combined with the com-
plexity of the curing reaction, have made this
process difficult to be analyzed by simple analyt-

ical methods. There have been only a few reports
concerning this particular subject and existing
reports are limited to a patent.2 However, several
works have been published on the curing process
of other rubber systems like tire,3,4 which can
provide a reliable ground for analyzing the con-
tinuous curing process of conveyor belts.

THEORETICAL STUDY

The differential equation governing the transient
three-dimensional heat conduction applicable to
the rubber curing process has been defined3,5 as

­

­x Sl
­T
­xD 1

­

­y Sl
­T
­yD 1

­

­z Sl
­T
­z D

1
dQ
dt 5 rcp

­T
­t (1)

where T is the temperature; Q, the heat of the
curing reaction; Cp, the heat capacity; r, the den-
sity; and l, the temperature-dependent thermal
conductivity defined as l 5 a 2 bT (a and b are
constants). The above equation can be solved by
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the well-known implicit Crank Nichelson method
for a given Q and l.

The curing reaction of rubber compounds is not
highly exothermic. However, due to the low ther-
mal conductivity of the compounds, it can lead to
an appreciable increase in temperature and,
hence, an increase in the rate of the curing reac-
tion. Considering the curing reaction as a first-
order reaction, the overall rate of cure can be
defined by a single expression with a constant
activation energy as (see Fig. 1)

dQ/dt 5 K0~Q` 2 Qt!exp~ 2 E/RT! (2)

where Qt is the heat of the cure reaction up to
time t, Q` the total heat of curing, E the reaction
activation energy, and K0 is the reaction constant
to be independent of temperature. E and K0 can
be evaluated by rheometry method6 as described
in Figure 1. The temperature distribution ob-
tained for the conveyor belt can be utilized in a
proper way to evaluate the extent of the curing
reaction and the state of cure (SOC)4 defined as

SOC 5 E
0

t

K# ~T2TR!/10dt (3)

where T is the temperature at time t; TR, the
reference temperature; and K# , the vulcanization
temperature coefficient reported to be within the
range of 1–1.9 for each of the layers.4

It is generally accepted that for most rubber
compounds there are three periods during vulca-
nization, namely, the induction period, curing
stage, and postcuring. During the induction pe-
riod, no chemical reaction occurs. Thus, dQ/dt

5 0 at t # t0, where t0 is the induction time. It is
noted that in eq. (3) the induction time, t0, has not
been taken into account and the curing reaction
has been considered as a zero-order reaction. In
the present work, we have treated these in a more
realistic way by considering the curing reaction as
a first-order reaction and taking into account the
induction time. Thus, for the curing reaction de-
fined as7 x 5 Qt/Q`, the conversion may be de-
fined as

X 5 1 2 exp E
t0

t

2 Kdt at t . t0 (4)

and

X 5 0 at t # t0 (5)

The curing rate constant K and the induction
time t0, are considered as temperature dependent
parameters expressed by Arrenius-type equation8

as:

K 5 K0exp~ 2 E/RT! (6)

t0 5 Bexp~ 2 Et/RT! (7)

Figure 2 Schematic diagram of (a) continuous curing
process and (b) Roto-Cure system.

Figure 1 Determination of curing rate constant us-
ing the rheometry method.
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MATHEMATICAL MODELING

Conveyor belts are usually made of a few number
of fabric plies joined together by interplies with
top and bottom rubber covers. Schematic dia-
grams of the continuous curing process and cor-
responding Roto-Cure system9 used in this inves-
tigation are shown in Figure 2.

The system shown in Figure 2 consists of a
preheating drum, heating drum, and radiation
heaters. The heating drum is divided into zones
with angles as indicated. As the heating path of
the process employed in the present work is in
curved form, the cylindrical coordinate may be
the most appropriate system for obtaining a re-
quired partial differential equation. However,
since the aspect ratio (length/thickness) is high,
the mathematical modeling can be established in
a Cartesian coordinate system. For the same rea-
son, the process can be considered as a two-di-
mensional system. Therefore, the governing equa-
tion will be
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where a is thermal diffusivity. Due to the dy-
namic nature of the system, the heat-transfer
equation used for modeling was derived from the
Lagrangian coordinate (moving element). To ap-
ply the proper boundary condition, the final con-
dition of the moving element was used as the
initial condition for the next time interval Dt.
Figure 3 shows the moving element consisting of
three layers. Layer 1 is the steel belt which is in
contact with the bottom cover of the conveyor belt;
layer 2, the conveyor belt, and layer 3, the heating
drum shell.

Thus, the equations and boundary conditions
for each layer of the element are as follows:
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T2~x, y, 0! 5 T2

Table I Values of Induction Time, t0, Measured as a Function of Temperature

Parameter

T (°C)

133 137 141 145 149 154 158

t0 (min)

Cover 17 10.8 7.6 6.4 5.7 4.4 4
Carcass 13 10 9.0 6.7 5.2 4 3.8

Figure 3 The moving element consisting of a steel
belt. (layer 1), conveyor belt (layer 2), and heating drum
shell (layer 3).
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T2 5 T1 at y 5 L1

T2 5 T3 at y 5 L1 1 L2
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In the above equations, k1, k2, and k3 are the
thermal conductivity of the layers; a, the thermal
diffusivity and hc, hx, and hb, convective heat-
transfer coefficients corresponding to varying lo-

cations of the belt calculated according to ref. 10.
A1 is the area of layer 1 of the moving element
subjected to the radiation zone; T`, the ambient
temperature in each zone; T`b, the steam temper-
ature, and hr, the radiation coefficient calculated
according to following equation 11:
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where F1E is a view factor which can be calcu-
lated on the basis of the relation between the
movement of the element against the heating
zone12 and « is the emissivity.

The problem was solved by using a numerical
method based on the implicit algorithm (Crank
Nichelson). The final equations, after substituting
the finite difference form in eqs. (9)–(11), are pre-
sented as follows:

at time n 1 1:
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at time n:
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Table II Calculated Values of Arrhenius Constants in Eqs. 6 and 7

Parameter K0 (s21) E (kcal, mol21) E1/R B

Cover 3.7 3 106 17.173 9602.906 7.5 3 1010

Carcass 1.5 3 1010 23.415 8919.341 3.7 3 1029

Table III Thermal Diffusivity, a, Heat of Vulcanization, Q, Conductivity, K, and Emissivity, «,
Evaluated for Steel Belt, Conveyor Belt, and Heating Drum Shell

Parameter a (m2/h) Q (cal/g) K (w/m K) « Thickness L (mm)

Steel belt 17 5.45 L15 2
Cover 3.12 3 1024 27 0.35–0.00057 T °C L2510
Carcass 3.42 3 1024 28
Heating drum shell 45 L3540
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and
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EXPERIMENTAL

The curing of conveyor belt samples was carried
out in the same Roto-Cure system as that de-
scribed in Figure 2 for the modeling. The experi-
ments were performed on belts of 10 and 6 mm
thickness but with the same composition. The
temperatures of the layers within the conveyor
belt and of the top and bottom surfaces of the

rotary press were measured using Cu—Ni ther-
mocouples placed inside the layers while moving
with the belt, covering the entire cure path. To
avoid damaging the steel-belt surface, the ther-
mocouple wires were led through narrow grooves
curved on the outer surface of the bottom cover.

The curing reaction constant (K) and the in-
duction time (t0) were measured as a function of
the temperature using the rheometry technique
according to ref. 6. The values obtained for K and
t0 were used in eqs. (6) and (7) in order to calcu-
late K0, E/RT, B, and E1/RT. The calculated
results are given in Tables I and II. Thermophysi-
cal parameters of the steel belt, drum shell, and
the conveyor belt are given in Table III.

RESULTS AND DISCUSSION

Results of the temperature measurements are il-
lustrated in Figures 4–6. Figure 4 demonstrates
the temperature profiles of the three layers

Figure 4 Temperature profile measured for three lay-
ers within the conveyor belt; (—) top cover (. . .) between
top cover and carcass (—) bottom cover contacting steel
belt. Belt thickness, 10 mm, and curing time, 19 min.

Figure 5 Temperature profile of a layer between the
top cover and the carcass obtained from two separate
experiments, indicating excellent reproducibility for
the temperature measurements.

Figure 6 Temperature distribution measured along
the width (150 cm) of the top cover of the conveyor belt:
(. . .) 35 cm, and (—) 80 cm.

Figure 7 Theoretically predicted temperature profile of
various layers within the belt; (—), top cover (. . .) be-
tween top cover and carcass, (—), bottom cover contacting
steel belt. Belt thickness, 10 mm; curing time, 19 min.
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within the conveyor belt during the curing and
postcuring processes. As can be seen, various lay-
ers within the belt experience different tempera-
ture distributions during the curing process. The
temperature of all layers decrease as the belt
leaves the heating drum and subsequently ap-
proaches approximately the same temperature
(' 115°C). From this point, however, they follow
different trends of reduction in their temperature.
These later results can be attributed to the heat of
reaction which takes place during the postcuring
process. This is due to the presence of the steel
belt which reduces the rate of heat transfer, hence
providing more opportunity for the curing reac-
tion to have taken placed during the postcuring
process. Thus, as shown in Figure 4, the highest
amount of postcuring takes place in the outer
surface of the bottom cover, and the lowest, in the
uppermost surface of the top cover.

Figure 5 shows two temperature profiles ob-
tained from two separate experiments performed
under identical conditions for a layer between the
top cover and the carcass. These results indicate
excellent reproducibility for the temperature
measurements made in the present investigation.
Figure 6 demonstrates that there is no apprecia-
ble variation in the temperature across the width

of the belt. The results of the temperature distri-
bution predicted by the mathematical model for
various parts of the conveyor belt are illustrated
in Figures 7–10.

Comparing these results with those shown in
Figure 4 reveal that there is good agreement be-
tween the theoretical and experimental results.
Having justified the reliability of the mathemat-
ical model, it was employed to provide more in-
sight into the curing process, in terms of the SOC
and the degree of conversion of various layers
within the conveyor belts. Typical results pre-
dicted for the SOC and the degree of conversion
are shown in Figures 11–13.

The results shown in Figure 11 demonstrate
that for the belt with 10 mm thickness and cured
in 19 min the SOC of each layer is strongly influ-
enced by the temperature distribution experi-
enced by them during the curing process. As can
be seen, there is an appreciable difference be-
tween the SOC of the top and bottom covers of the

Figure 8 Temperature profile of the top cover of the
belt. (. . .) Experimental, (—) theoretical. Thickness, 10
mm; curing time, 19 min.

Figure 9 Temperature profile of a layer between the
top cover and carcass: (. . .) experimental; (—) theoretical.

Figure 10 Temperature profile of the layer contact-
ing the steel belt: (. . .) experimental; (—) theoretical.

Figure 11 Variation of SOC as a function of curing
time for three layers within the belt with 10 mm thick-
ness and cured for 19 min. (—) Top cover; (. . .) between
top cover and carcass, (—) bottom cover contacting steel
belt.
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belt, which nearly persists throughout the curing
and postcuring periods. The results presented in
Figure 12 suggest that the difference between the
SOC of the layers within the products can be
reduced, but not necessarily vanish, when con-
veyor belts with 6 mm thickness are used.

The results presented in Figure 13 show that
the variation in the degree of conversion of the
layers during the curing process follow the same
trends as those of the SOC. However, comparing
these results with the experimental results
shown in Figure 4 reveals that the degree of con-
version, as determined in this work, is a more
appropriate criterion than is the SOC for predict-
ing the influence of the postcuring process.

According to Prentice and Williams,4 a minimum
of 8 equiv min (SOC ' 8 min) is required to obtain
a soft cure. The optimal properties are developed in
16–35 equiv min and some deterioration of the
properties occur above 50 equiv min. As shown in
Figure 8 for the conveyor belt with 10 mm thickness
and cured for 19 min, the SOC predicted for the
bottom cover is about 11, which may be within the
acceptable range but not optimum. However, as can
be seen in Figure 9, the SOC predicted for the con-
veyor belt with 6 mm thickness and cured for 15
min are within the optimum range. These results
reveal that the above-described mathematical
model has the capability of being utilized for opti-
mization of the present conveyor belt continuous
curing process. This part of the work was carried
out in our laboratory and results are to be published
in the early future.

CONCLUSIONS

The results predicted by the mathematical model
developed in the present work were found to be in

good agreement with the experimental results,
therefore justifying the capability of the model for
simulation of the conveyor belt continuous curing
process. The model was also found to be capable of
generating valuable information on the SOC
and/or the degree of conversion, which can, in
turn, be utilized for optimization of the curing
process. Finally, it was found that the postcuring
process can play an important role in the overall
curing of the products.
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