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Abstract
Effects of heating rate, sample mass and nitrogen flow on
chemical kinetics for pyrolysis are investigated. PMMA (noncharring) and pine (charring) materials were used in this study.
The observations have shown that the variations in heating rates
have given a significant difference in kinetics values whereas
sample mass and nitrogen flow variation caused only slight
impact. In addition, the study has found that the use of kinetics
values obtained using a particular heating rate as input to a
numerical pyrolysis model, cannot correctly predict pyrolysis rate
at different irradiance level.
Introduction
Pyrolysis of solid material is a crucial phenomenon in predicting
fire growth and development. However to simulate pyrolysis
process; a set of thermo-physical properties and chemical kinetics
data is required. In this study, effects of variation in heating rate
(K/min), sample mass (mg) and nitrogen flow rate (mL/min) on
chemical
kinetics
determination
for
pyrolysis
of
Polymethylmethacrylate (PMMA) and pine are investigated. This
study was primarily conducted using a thermogravimetric
analyser (TGA). In addition, a Differential Scanning Calorimeter
(DSC) and a cone calorimeter were also used.
TGA analysis is performed to observe the sample mass changes
throughout the heating process at particular heating rate. Mass
loss rate (MLR) with respect to temperature is used for
determining chemical kinetics such as activation energy (E), preexponential factor (A) and reaction order (n) which can be used
as inputs for pyrolysis modelling. It is known that variation in
kinetics occur when the heating rate is varied [1].
A DSC was used to determine the heat of volatilization (also
known as heat of reaction) and specific heat capacity (Cp).
However the DSC analysis requires matching mass fraction data
from TGA for determining heat of reaction (HoR) which means
the sample mass for DSC and TGA needs to be identical. Various
equipment user manual and test protocol have recommended
different initial sample mass and nitrogen flow rate for TGA and
DSC analysis. Therefore it is important to investigate the effect
of variation of sample mass and nitrogen flow rate as well on
TGA results.
As the study determines various sets of thermo-physical
properties and kinetic data, pyrolysis simulation results of a
100mm x 100mm x 25mm PMMA slab at two different
irradiance levels have been obtained using the input data

determined at a particular heating rate and then compared against
the experimental data collected using a cone calorimeter.
Effects of Parameter Variation
The main interest of this study is to investigate the effects of the
variations associated with kinetics parameters of the selected
combustible building materials. In this study; of heating rate,
sample mass and nitrogen flow rate, two are kept constant while
the third parameter is varied. Mass loss changes with respect to
temperature are recorded and the effects of varying a particular
parameter are analysed.
Kinetics Parameters: Method of Determination
The analysis was then continued by assessing the degree of
variation associated with kinetics for pyrolysis. This is a
significant part of the study where the mass loss data were then
being processed in order to determine the chemical kinetics
which can be directly used for pyrolysis modelling. There are
various methods available for determining kinetics from weight
fraction of conversion (Y) versus temperature data as detailed in
[1]. A number of methods have been studied and applied;
however, it has been observed that inflection point method [3] is
the most robust one.
In this method Y is determined as:

........(1)
where,
W = mass at a particular temperature (mg)
Wi = initial sample mass (mg)
Wf = final sample mass (mg)
Experimental Setup
This study was conducted using TGA 7 following the procedure
described in ASTM method E1641-07 [2]. All tests were
conducted under non-isothermal condition. The tested materials
were PMMA (non-charring) and Pine (charring material). These
samples were conditioned for 48 hours with 50% relative
humidity at 23°C.
5mg to 15mg sample mass were prepared to analyse the variation
in sample mass whereas the heating rates between 20K/min to
200K/min were employed for both materials. The nitrogen purges
from 20mL/min to 50mL/min were applied for nitrogen flow rate
variations. Multiple runs were carried out for each sample to
obtain consistent result.

Results and Discussions

Mass (%)

Effects of Parameter Variation (PMMA)
The effects of variations of initial sample mass, heating rate and
nitrogen flow of PMMA are presented in Figure 1 (a), (b) and (c).
The percentage (%) mass vs. temperature profiles in Figure 1(a);
shows that there is only slight variation in result of initial sample
mass difference between 5mg and 15mg PMMA sample at
40K/min of heating rate with 20mL/min of N2 purge. In contrast;
the mass loss is varied significantly with the variation in he
heating
rates between 20K/min to 200K/min with initial sample mass of
15mg in 20mL/min of N2 purge (Figure 1b). Slight variation in
mass loss is found forr the nitrogen flow between 20mL/min to
50mL/min (Figure 1c).
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Figure 2. Mass fraction versus temperature for Pine. (a) N2 flow rate and
heating rate are constant, only sample mass is varied. (b) N2 flow rate and
sample mass are constant, only heating rate is varied. (c) Sample mass
and heating rate are constant, only N2 flow rate is varied. R1 and R2
represent Reaction 1 and Reaction 2.
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Figure 1. Mass fraction versuss temperature for PMMA. (a) N2 flow rate
and heating rate are constant, only sample mass is varied. (b) N2 flow rate
and sample mass are constant, only heating rate is varied. (c) Sample
mass and heating rate are constant, only N2 flow rate iss varied.

Effects of Parameter Variation (Pine)
The result for pinee analysis is presented in Fig
Figure 2. The data
shows similar findings to PMMA results in relation to parameter
variation. There is slight difference in mass loss data while initial
sample mass (Figure 2a) and N2 purge (Figure
ure 2c) are varied.
Like PMMA case, mass loss variation is observed in heating rate
variation (Figure 2b). It appears that there was another reaction
(R1) before 160°C which is attributed to the moisture evaporation
when the moisture was released from the sample. In this study,
kinetics parameter related to moisture evaporation is not
included.

Figure 3 shows dY/dT analysis of a TGA result under air
environment which was conducted for determining kinetics
comparison with pyrolysis modelling. From the experimental
result; it can be observed that there are two almost linear slopes
representing two different reactions. Inflection point method is
very effective in determining multiple reactions. It can be used to
determine one “effective” reaction kinetics (combining all
reactions). Some researchers use a method where n is taken as
unity and then A and E are determined [1].
[ In Figure 3 and Table
1, these methods are denoted as two-step reaction, single reaction
and single reaction (n=1).
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Figure 3. dY/dT vs. temperature for PMMA under air environment with
heating rate of 20 K/min.

increase. This implies that if the kinetics parameters obtained
from higher heating are used in pyrolysis modelling, higher rate
of pyrolysis rate will be obtained.

Method

Two-step reaction
Single reaction
Single reaction
(n=1)

A (1/s)
i) 5.5E+23
ii) 9.27
1.95E+04

E (kJ/mol)
i) 285
ii) 39.5

n
i) 1.322
ii) 0.183

77.2

0.36

1.02E+16

216

1

0.014

0.01
0.008
0.006

Table 1. Kinetic parameters of PMMA under air environment with
heating rate of 20 K/min.
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Arrhenius equation based on reaction order is given as [1]:
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Kinetic Parameters of PMMA
Figure 4 shows dY/dT analysis of a TGA result under N2
environment. The result demonstrates that there are multiple
reactions; the number of reaction is higher at lower heating rates
compared to at higher heating rates. However, for simplicity only
one “effective” reaction kinetics are presented in Table 2. It is to
be noted that most of the pyrolysis models are based on single
“effective” reaction. In Table 2, it can be seen that there is no
clear trend for individual kinetic parameter.
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Figure 4. dY/dT vs. temperature for PMMA with various heating rates

Kinetic Parameter

Heating
Rate

450

500

Pine
E (kJ/mol)

n

20K/min

A (1/s)
8.86E+04

85.1

0.909

50K/min

1.32E+06

94.9

1.101

100K/min

5.20E+06

100.5

1.260

200K/min

3.86E+07

107.8

1.684

Table 3. Kinetic parameters of Pine (one ‘effective” reaction)

Pyrolysis Simulation
To check how well the kinetics values serve as input for
numerical pyrolysis simulation, a Computational Fluid Dynamics
(CFD) model, Fire Dynamics Simulator (FDS) version 6 is used
to perform the computation. The FDS; developed at the National
Institute of Standards and Technology (NIST), USA [4], is the
most advanced CFD model which incorporates a pyrolysis
module.

PMMA

For the simulation, kinetics data obtained under air environment
with heating rate of 20 K/min (given in Table 1) are used as input
values as non-combustion cone experimental environment aligns
with TGA test under air environment. Cp data was obtained using
our DSC which agrees quite well with [5] data (Figure 6) and
therefore conductivity data of [5] was also used. Heat of reaction
(HoR) data was obtained from [6] where the test was conducted
under both air environment and with nitrogen flow using heating
rate of 20 K/min. The emissivity of the PMMA was taken as 0.85
as per [7].

E (kJ/mol)

n

108.5

0.815

3

80.3

0.338

2.5

100K/min

3.67E+04
5.01E+04

81.0

0.484

200K/min

1.91 E +06

99.0

0.792

Table 2. Kinetic parameters of PMMA (one “effective” reaction)

Kinetic Parameters of Pine
Figure 5 shows dY/dT analysis of a TGA result under N2
environment. An opposite trend to non-charring material is
observed i.e. the number of reaction is lower at lower heating
rates compared to at higher heating rates. Single “effective”
reaction of kinetic parameters obtained with different heating rate
is summarised in Table 3 below and a clear trend is observed; as
the heating rate increases the values of all kinetic parameters

3.5
y = 0.0063x + 1.1688
R² = 1

2
Steinhaus [5]

Cp
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Kinetic Parameter
Heating
Rate
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100mm x 100mm x 25mm PMMA slabs were exposed to
irradiance of 20 and 25 kW/m2 in two separate experiments using
a cone calorimeter. No spark ignition was provided and at these
low irradiance level, no combustion reaction took place. The
mass loss rate (MLR) data was recorded during the experiments.
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Figure 5. dY/dT vs. temperature for Pine with various heating rates

To check the validity of the values of A, E and n of Table 1,
dY/dT was calculated using Equation (2) and Y values were
obtained from TGA experiment. In Figure 3; it can be observed
that while two-step reaction and single reaction methods
reasonably agree with the experimental result, single reaction
(n=1) varies significantly. Therefore in this study, this method is
not considered.
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where , β is the heating rate (K/sec) in TGA experiment, T is the
sample temperature (K) and R is the universal gas constant
(8.31E-03 kJ/mol.K).
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Figure 6. Cp vs. temperature for PMMA with heating rate of 20 K/min
(using DSC)

Three simulations were conducted for experimental condition.
Kinetic data of single reaction and two-step reaction method
(Table 1) are used for two simulations which are denoted as
Sim_single reaction and Sim_two-step reaction. The third
simulation (denoted as Sim_Temp) was conducted using
reference temperature of 365°C (at which the peak dY/dT occurs),
pyrolysis range of 120 (temperature range from the beginning to
the end of the reaction; refer to Figure 3) and heating rate of
20K/min (at which TGA test was conducted). In Sim_Temp case,
the simulation intrinsically determines the kinetic data using
three input parameters. In all cases the sample back was
considered insulated as they were encased near insulated (except
the exposed face) during the experiments. Adequate grid
resolution was ensured to obtain grid independent result.
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Figure 7. Comparison of MLR versus temperature data from experimental
and simulation results (PMMA at irradiance of 25kW/m2)
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In this study, the effects of variations in sample mass, heating
rate and nitrogen flow on chemical kinetics are investigated. It
can be concluded that:
•

Heating rate has a significant impact in determination of
pre-exponential factor (A), activation energy (E) and
reaction order (n).

•

Differently, it is found that sample mass and nitrogen flow
have less influence on the chemical kinetics.

•

The simulation result shows that the prediction for 25
kW/m2 irradiance case was reasonably good with HoR value
used from nitrogen flow environment, but not with the HoR
value from air environment. However, overprediction was
observed for 20 kW/m2 irradiance case even with HoR value
from nitrogen flow environment. Thorough investigation is
needed to determine whether this is due to mismatched
correspondence of irradiance (in cone calorimeter) with
heating rate (in TGA and DSC) and further research is
needed to address this matter for better simulation of
pyrolysis during fires. In addition, more effort is needed to
obtain good quality HoR data.
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