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Abstract : The heat transfer phenomena in a rubber sheet was investigated in this paper in
order to evaluate curing process and to attain optimum state of cure, which may determine
the quality of a rubber. A piece of rubber sheet which is similar in composition to one used in
tire manufacturing, is used to measure the temperature inside during the process of heating
and cooling. The variation of thermal conductivity with the change of temperature was mea-
sured experimentally. With the measured thermal conductivity and temperature boundary
conditions, the temperature change inside sample plates was predicted by solving unsteady
state, two-dimensional boundary value problems. The calculated temperature profiles agreed
reasonably well with the experimental ones except in the initial period of heating and the
final period of cooling. The state of cure increased in the outer layers and its difference at be-
tween the center and the outer layer increased with higher curing temperature. In order to
improve the quality of rubber products, therefore, the optimum curing temperature and pro-
cessing time should be selected.
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Table 1. Composition of Sample Plates for the Heat
Transfer and Thermal Conductivity Measurements

Compound NR SBR BR Carbon Oil Sulfur

A 80 - 20 50 5 5.0
B 60 15 25 47 11 3.8
C 40 - 60 67 32 2.5
D 40 30 30 60 16 1.3

where NR =Natural Rubber.
SBR =Styrene Butadiene Rubber.
BR =Butyl Rubber.

unit=PHR (parts per hundred rubber).
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Fig. 1. Schematic diagram of experimental equip-
ment | 1. handle, 2. screw, 3. guide post, 4.
adiabatic plate, 5. heater, 6. aluminum plate, 7.
fixed plate, 8. upper plate, 9. lower plate, 10. thermo
~couple sensor, 11. setting temperature, 12. actual
temperature, 13. DAS.
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Fig. 2. Cross sectional diagram of sample sheets :
(A) A multi-layer of A, B, C, and D rubber sheet
and its thermocouples position, (B) Threaded sheet
of compound A and B with thermocouples : TR,
treaded side; PLC, point of least cure; BL, the op-
posite side of TR.
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Table 2. Thermal Conductivity, Density and Heat
Capacity of Sample Plates in the Temperature
Range of 50-150C

Thermal Conductvity — Density Heat Capacity

Compound = W/me) AKeg/m) CHKI/KgC)
A £=0.2708-0.000287 1121 1.84
B £=0.3029-0.00025T 1161 1.83
C £=0,3029-0.00030T 1134 1.81
D £=0,3564-0.000317T 1228 1.70
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Fig. 3. Measured temperature (symbol) and calcu-
lated temperature (line) at the center of the multi-
layer sample sheet during heating (A) and cooling
(B). O, 150/150°C; O, 100/100C.
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Table 3. Upper and Lower Plate Temperature Dur-
ing the Experiment and Heat Transfer Coefficient
in the Temperature Conditions : A Multilayer Sheet
is Used as the Sample

Temperature of Temperature of ~ Convective Heat

Upper Plate Lower Plate  Transfer Coefficient
() () H(W/m*C)
100 100 5.63
150 150 6.55
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7FE Al AlHe WEREE A (1) 227 F2|3)
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Fig. 4. Measured temperature (symbol) and calcu-
lated temperature (line) at various positions of the
threaded sheet during heating and cooling at 160/
160°C (A) and 200/200°C (B). TR, treaded side;
PLC, point of least cure; BL, the opposite side of
TR.
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Table 4. Upper and Lower Plate Temperature Dur-
ing the Experiment and Heat Transfer Coefficient
in the Temperature Conditions . A Treaded Sheet is
Used as the Sample

Temperature of Upper Temperature of Lower ~ Convective Heat

Plate(Threaded Side, ~ Plate(the Opposite ~ Transfer Coefficient
TR, C) Side of TR, C) H(W/m'C)
160 160 9.76
200 200 10.42
180 160 9.94
160 180 9.94
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7V =8A s EE BeE.
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AL PRt (Fig. 5). 4, 3B Lo 258
718 e} npR IR 2 7ME 2T)d e Azt 23}
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VS 7198 o) §3] Bz B2 2FZto] A4t
HEG O 22 A& HAE £ e °), oA
Eg=o o3 gHY WA F7IE o|ZHET O
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oA wdsiA] Formz AW WY RE7 o
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AlEe] 7HREE 2FHde PHdE T 77 2
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Fig. 5. Measured temperature (symbol) and calcu-
lated temperature (line) at various positions of the
threaded sheet during heating and cooling at 160/
180°C (A) and 180/160°C (B). TR, treaded side;
PLC, point of lea Stcure; BL, the opposite side of
TR.
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Fig. 6. State of cure (SOC) as the equivalent time
and per cent cure inside the rubber plate at the vari-
ous wall temperatures and the fixed curing time.
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Fig. 7. SOC as the equivalent time and per cent
cure inside the rubber plate at the various wall tem-
peratures and the adjusted curing time.
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NOMENCLATURE
A : Cross-sectional area normal to the di-
rection of heat flow (m?)
a b Constant ( - )
Cp : Heat capacity (KJ/Kg C)
E : Activation energy of the reaction (cal/
g-mole)
G . Intensity of heat generation which de-

pends on temperature (W/m?)
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H . Convective heat transfer coefficient
(W/m? C)

h : Heat transfer coefficient (W/m? C)

k . Thermal conductivity (W/m °C)

PHR : Part per hundred of rubber (PHR)

Q : Rate of volumetric heat generation
(W/m?*)

R . Gas constant (cal/g-mole K)

¥ . Reaction rate (equivalent min/min)

SOC : State of cure (equivalent min)

t : Time (min)

T : Temperature (C)

|4 : Volume (m?)

dzx . Length of node i (m)

dy . Length of node | (m)

Greek letters

o . Density (kg/m?®)

a . Thermal diffusivity {(m?/sec)

Subscripts

a . Ambient

e . Effective

f . Film of heating plate

i . Index of central node

j . Index of surrounding node

R : Rubber

r : Reference

S1 : Upper plate

S2 : Lower plate
t . Final

w . Heating plate wall
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