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ABSTRACT

Polyurethane foam has been widely used as building materials for energy savings. But, it is weakness to fire
because of its flammability. Polyurethane foam as solid fuel occurs combustion and fire through pyrolysis
process. Therefore, understanding the pyrolysis process is essential for fire safety. In this study, the
pyrolysis behavior of polyurethane foam was investigated using thermogravimetric analysis (TGA). The
results showed that pyrolysis occurred through two distinct mass reductions. The key parameters of
pyrolysis reaction rate, such activation energy and pre-exponential factor, were determined based on various
model-free and model-fitting methods. Additionally, numerical simulation was conducted using fire
dynamics simulator (FDS) to examine the suitability of the pyrolysis modeling from a fire perspective. As a
result, it was confirmed that FDS pyrolysis model numerically predicts the two-step reaction of polyure-
thane foam.
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TGA  : Thermogravimetric analysis KAS : Kissinger-Akahira-Sunose
FDS : Fire dynamics simulator B : Heating rate (°C/min)
ICTAC : International Confederation for T : Surface temperature (K)
Thermal Analysis and Calorimetry T, : Peak temperature (°C)
NIST  : National Institute of Standards and T, : Temperature at the extent of
Technology conversion (°C)
TG : Thermogravimetric g(a) : Integral reaction function for extent
DTG : Derivative thermogravimetric of conversion
r : Reaction rate (s") CR : Coats-Redfern
o : Extent of conversion E; : Activation energy of model-fitting
t : Time method (kJ/mol)
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k(T) : Reaction rate constant

fla) : Reaction function for extent of
conversion

m; : Sample mass at start point

my . Sample mass at measure point

my : Sample mass at end point

A : Pre-exponential factor (s)

Ea : Activation energy (kJ/mol)

R : Gas constant (J/molK)

FWO : Flynn-Ozawa-Wall

A;  : Pre-exponential factor of model-fitting
method (s™)

a, b : compensation effect parameter

Eo : Activation energy of model-free
method (kJ/mol)

Ao : Pre-exponential factor of model-free
method (s™)

CFD : Computational fluid dynamic

ps : Density of solid (kg/m®)

n : Reaction order
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Fig. 1. Schematic diagram of thermogravimetric ana-
lysis instruments.

Table 1. Specifications of TGA instrument

Specification Description
Temperature range Amb—1000°C
Temperature accuracy +1°C
Temperature precision +0.1°C
Heating rate range 0.1 —100°C/min

Forced air 1000°C

Furnace cooling . .
to 50°C in < 12 min

Weighing capacity 1.0g
Weighing precision +0.01%
Resolution 0.1 ug

Table 2. Experimental conditions

Condition Description
Mass ~ 5mg
Temperature range 20—800°C
Heating rate 5,10, 15,20°C/min
Purge gas Nitrogen (N»)
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Table 4. Pyrolysis start, peak, and end temperatures
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Pyrolysis temperature
Stage | Heating rate
Start Peak End
5 242.282 | 266.377 | 276.783
. 10 248.779 | 276.135 | 286.06
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Fig. 2. Experimental results of polyurethane foam at various heating rate.
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Table 5. Maximum, minimum, and average activation
energies for FWO, KAS, Starink methods
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Table 6. Reaction mechanisms and activation energies
of polyurethane foam determined from model-

fitting method
. . Activation energy
Heating rate | Reaction
Stage . . (kJ/mol)
(°C/min) mechanism
Value | Average
5 241.971
10 232.252
1 o’ 231.379
15 232.36
20 218.932
5 165.654
10 162.678
2 1—a) '—1 166.687
15 173.611
20 164.806

Table 7. Pre—exponential factors for the reaction me-

Activation energy chanism at various heating rates
Stage Value - - - - .
FWO KAS | Starink Stage |Heating rate (°C/min)| Pre-exponential factor (s™)

Maximum | 228.046 | 231.179 | 228.502 5 8.83E+16

| Minimum | 196.941 | 197.939 | 195.438 | 10 9.10E+15
Average 210.686 | 212.64 | 210.044 15 8.13E+15
Difference 14.8% | 15.6% | 15.7% 20 4.38E+14
Maximum | 214.276 | 214.567 | 212.36 5 4.40E+08

5 Minimum 204.83 | 204.257 | 201.876 5 10 2.87E+08
Average 210.127 | 210.272 | 211.548 15 2.43E+09
Difference 4.5% 4.9% 4.96% 20 5.08E+08
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Table 8. Thermal properties of polyurethane foam used
pyrolysis modeling

. Thermal .
Density . Specific heat
Stage 3 conductivity
(kg/m?) (kJ/kg'K)
(W/m-K)
1 24.45 0.0478 2.27
2 800 0.085 2.4

Table 9. Pyrolysis kinetic properties of polyurethane
foam used pyrolysis modeling

Activation energy | Pre-exponential factor
Stage B
(kJ/mol) (s
1 211.123 7.05E+13
2 210.649 3.1E+12
24
22r InA=0.1936E12.019
R?=0.9817 -
< : -~ 7 15°C/min
E - =
20¢ _ /D’D/SDC/min
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18 ' 1
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(b) Stage 2

Fig. 5. Plot of £;and /n4; on the kinetic compensation effect for stages 1 and 2.
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Table 10. Modified pre—exponential factor

Stage Pre-exponential factor (s
1 7.05E+17
2 3.1E+14
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