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Abstract

A comprehensive study has been conducted on some charring materials frequently found in buildings to characterise
pyrolysis and combustion parameters concerning the variations in heating rate, temperature and heat flux. Since these
parameters are input for computational fluid dynamics (CFD)-based fire models, incorporation of the effects of heating rate
and heat flux when simulating building fires may lead to better predictions of tenability conditions. Three common
construction and building materials were selected, namely pine, cotton and wool, to characterise via experimental protocols
which can serve as examples of future novel charring materials. Parameter values related to pyrolysis reactions were
determined using thermogravimetric analysis and differential scanning calorimetry. The values of the combustion
parameters were obtained using cone calorimetry. It was found that the variation in heating rate has a significant effect on
the values of the pyrolysis parameters of the studied materials. The kinetic parameter and heat of reaction (HoR) values of
pine increased with the increment in heating rate. Conversely, the kinetic parameter values of cotton and wool decreased as
the heating rate increased, whereas the HoR values followed a similar incremental trend with the increasing heating rate.
The variation in combustion parameter values varied concerning heat flux due to the presence of high moisture contents
and possible variations in char development in all materials. As CFD-based fire models are currently widely used to design
and assess performance-based building fire safety designs, to obtain better predictions of tenability conditions, a proposal
for the optimised use of parameters is presented.
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Introduction

The performance-based building fire safety design method
is preferred by fire engineers and researchers due to the
flexibility offered to the user to adopt their new design
concept without compromising safety aspects required by
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results in temperature rise and its rate of rising in materials
present, both combustible and non-combustible, as well as
the rise in the incident radiation upon the materials. It has
been observed that the values of a number of fire properties
vary concerning temperature, heating rate and incident
radiation, although some are nominally constant [3]. All of
these fire properties are required as input parameters for
CFD-based fire models such as fire dynamic simulator
(FDS) [4]. Examples of modelling, with fire properties
(obtained at single heating rate and single incident radia-
tion), of burning construction materials with FDS can be
found in [5, 6].

This study is motivated to enable a fire engineer/re-
searcher to obtain and quantify the representative pyrolysis
and combustion parameters with respect to temperature,
heating rate, and incident radiation of unknown or novel
charring materials. Once these parameters are charac-
terised, these can be provided as fire properties as input
variables in a CFD-based fire model for coupled pyrolysis
and combustion simulation. An example without variations
can be seen in [7]. Such characterisation and application
will assist in the better prediction of the fire scenarios and
deteriorating tenability conditions on which performance-
based fire safety design can be assessed. The secondary aim
of this study is to propose a method for the optimised use of
those parameters. In a previous study [1], the characteri-
sation of fire properties of a non-charring material (poly-
methyl methacrylate, PMMA) for CFD-based fire model
was presented. PMMA is a synthetic polymer that is widely
used in building construction particularly for windows,
doors, skylight roofing, and bath enclosures. Following on,
the objective of this study is to similarly characterise some
important fire properties of charring materials frequently
found in buildings as an example of future novel charring
materials.

In this study, pine, cotton and wool were considered.
Pine is widely used in building constructions due to its
versatility in structural and decorative applications. It is
widely used in flooring, ceilings, doors, window frames
and furniture, with applications ranging from the basics
such as plywood and panelling to more complicated such
as joinery, cladding, decking, fencing and furniture. Fabric-
based furnishing materials are not only the source of fuel
but also the contributor to the spread of flames in the room
[3]. The composition of fabric materials is highly variable
with natural materials such as cotton or wool fabrics or
their blends commonly used in curtains and furnishing.
These materials enhance the interiors of buildings due to
the wide variety of colours and designs. However, fabrics
are generally fast to ignite in fires and quickly respond to
heat exposure. Thus, a detailed study of the flammability
and kinetic parameters of these charring materials is ben-
eficial to understand the fire behaviour under various
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conditions. There is a scarcity of such literature which
provides the variation in data with the major factors
affecting it. This study may lead to better predictions of
outcomes in building fires with such important data for
current materials and provide a methodology for charac-
terising unknown or novel charring materials.

Materials and methods
Material preparation

The materials used in this study included cotton, wool and
radiata pine. Hundred per cent of wool and cotton content
with approximate densities of 211 and 254 kg m >,
respectively, and Australian radiata pine with a density of
442 + 30 kg m™> were used in this study. Pine was
sourced from a local prominent hardware store, and fabrics
were sourced from a local prominent furnishing store. All
materials were untreated. The parameters related to
pyrolysis reactions also known kinetic parameters (activa-
tion energy, E, pre-exponential factor, A, reaction order, n,
char yield and heat of reaction, HoR) were determined
using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). A Perkin Elmer TGA7
(PTGA) and a Mettler Toledo TGA/DSC1 STARe system
(MTGA) were used for the TGA study, and a Mettler
Toledo DSC1 STARe system (MDSC) was used for the
DSC study. For DSC and TGA measurements, the pine,
cotton and wool samples were cut into small pieces mea-
suring approximately 1 x 1 x 1 mm for pine and
1 x 1 x 0.5 mm for fabrics. Test summary is presented in
Table 1.

The combustion parameters were obtained using: (1)
ultimate analysis to determine chemical composition and
stoichiometry of the combustible materials and (2) cone
calorimetry to obtain the yield of primary combustion
products (i.e. CO, CO,, soot and char) and the effective
heat of combustion (EHoC). It is to be noted that micro-
scale combustion calorimetry (MCC) can also be used to
characterise combustion parameters [8]; however, charac-
terisation using cone calorimetry is more conventional for
large-scale flame spread modelling.

Chemical compositions of studied materials are pre-
sented in Table 2. Carbon-hydrogens content in these
materials, in principle, determines the combustion heat. It
can be observed that wool contains significant amount of
sulphur which has inhibitory effects on the combustion
process.

A cone calorimeter manufactured by Fire Testing
Technology, UK, was used in this study for obtaining
combustion parameters, and for these experiments, slabs
of pine measuring 100 x 100 x 25 mm were prepared,
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Table 1 Summary of pyrolysis and combustion parameters measured

Parameters Pyrolysis parameters Combustion parameters
A E n Char residue (non- HoR EHoC Soot CcO Soot Char residue
flaming) yield yield yield (flaming)
Equipment TGA TGA/ Cone calorimeter
DSC
Sample size (mm) ~ 1 mm x 1 mm (pine) Pine: 100 mm x 100 mm x 25 mm
~ 0.5 mm x 0.5 mm (Cotton, Wool) Cotton, wool: 100 mm x 100 mm x 0.5 mm
Heating rate Pine: 5, 10, 20, 30, 50, 100, 200 NA
(K min™") Cotton: 5, 10, 50, 100, 200
Wool: 5, 10, 20, 30, 40, 50, 100, 200
Irradiance (KW mfz) NA Pine: 20, 30, 40, 50, 75
Cotton: 30, 40, 50, 75
Wool: 30, 40, 50, 75
Table 2 Chemical compositions of studied materials Measurement methods
Element/% Pine? Cotton® Wool®
The TGA and DSC tests were conducted under non-
Carbon 54.9 40.7 50.5 isothermal conditions, and the nitrogen flow was set at
Hydrogen 5.8 5.6 6.8 50 mL min~" to induce pyrolysis. This represents a
Oxygen 39.0 45.2 22.0 pyrolysis process where the material is tested in the
Nitrogen 0.2 16.5 absence of air. This usually occurs when there is a flaming
Others 0.1 (S) ~8.5 3.7(S) combustion reaction preventing air reaching the burning
(N, ash, H,0) 0.5 (ash) material. Samples of 5 mg were prepared for the PTGA
Carbon-to-oxygen ratio 1.4 0.9 2.3 and DSC experiments, and heating rates between 5 and

Ragland et al. [9], "Moriana et al. [10], “Bauer et al. [11]

and for fabrics, the sample was set up as shown in Fig-
ure 10 in the supplementary material. An aluminium foil
frame was prepared to hold the fabric, and a wire grid
was placed on top of the sample following the guidelines
[12]. Since fabrics are very low in mass, this provides
better attachment to the backing pad as outlined by Tata,
Alongi [13] and same sample thickness (single layer) was
also used in the study. Tata, Alongi [13] also studied the
effect of sample thickness of polyester fabric by layering
0.5 mm thick sample—with one, five and ten layers and
received different time-to-ignition and peak of HRRPUA
values. We used single layer as it is the likely way a
fabric can be found in a building such as curtain and
furnishing of furniture. Jiang [3] also used single-layer
fabrics for cone calorimeter study. The samples used in
all of the aforementioned measurements were conditioned
for 48 h with 50% relative humidity at 23 °C. At least
three runs were carried out for each test to obtain con-
sistent results.

200 K min~" were employed for all experiments. How-
ever, the MTGA required a larger sample size of ~ 20 mg
which is likely to give the correct kinetic parameters. Abu-
Bakar and Moinuddin [14] showed that the sample mass is
unlikely to influence kinetic parameters and similar masses
have also been used in other studies [15, 16]. However, the
MTGA experiments were only used for deriving some
kinetic parameters. Matched data from the PTGA and
MDSC were used for calculating HoR, and test data from
the MTGA were also used to identify any differences in
thermal lag between the PTGA and MDSC. The pine,
cotton and wool samples were tested from 20 to
75 kW m~2 irradiance levels [17] wusing the cone
calorimeter.

Theory and calculation

A detailed theory of flammability and kinetic parameters
was presented in a previous study [1]. When a sample is
heated, it undergoes various physical and chemical chan-
ges. The physical changes may include melting or solid-
phase transitions [18], and the chemical changes include
molecular bond breakage which results in either
endothermic or exothermic reactions. Examples of these
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changes occur during sample pyrolysis which converts
organic materials into both a solid phase (char) and gas
phase [19] which is the case for materials such as pine.

Pyrolysis parameter values represent the solid-phase
reaction that results in and during the burning of a material
with these kinetic parameters, E, n, and A, also known as
the kinetic triplet. The value of E is the minimum amount
of energy required to start a chemical reaction, A is the
frequency of the collisions between molecules and 7 is the
index or exponent, to which its concentration term in the
chemical reaction rate equation is raised.

As reported in [1], in this study the kinetic triplets were
derived from the differential thermogravimetric (DTG)
plots as shown in Fig. 1a using the inflection point method
[20]. The inflection point method is used as it assists in
showing the effect of heating rate on the values of kinetic
triplets. Furthermore, this method has a robust ability to
analyse the whole set of TGA data to determine the kinetic
triplet of the sample. This method is based on the
employment of a linear plot and the coefficients of the
linear equation. It is well known that there is a strong
interdependence among the kinetic triplet [21, 22]. Thus,
for either pyrolysis modelling within CFD-based fire
models like FDS or analytical calculation, the set of kinetic
triplets is sufficient to reproduce TGA data instead of true
values of each parameter. Figure 4 of [1] shows that dif-
ferent sets of kinetic triplets obtained from two different
studies using two different methods could analytically
generate almost identical thermogravimetric (TG) profiles
for PMMA (non-charring) by applying to the Arrhenius
equation. The Arrhenius equation is given by:

k = Aert (1)

where k is the reaction rate constant (1 s_l), A is the pre-
exponential factor (1 s~'), E is the activation energy
(kJ mol™"), R is the universal gas constant (8.314 x 107>
kJ mol ! K_l) and T is the temperature (K).

Similarly, Figure 7.1 of [23] shows that for pine (char-
ring) almost identical DTG profiles were obtained when

(a)
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0012 10K min?
0.010 - 20 K min~?!
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0.004 200 K min

0.002
0.000

275
Temperature/°C
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TG %

different sets of kinetic triplets obtained from two different
studies using two different methods ([21] and inflection
method) were used. Matala [24] used an optimisation
technique [21] to study the kinetics of the experimental raw
data. In this technique, an optimisation algorithm performs
combinatorics to estimate the values of A, E and n. Then,
with each set of kinetic values, simulations are run using a
pyrolysis model with values of the model that match the
best with the experimental result which are taken as the
“model-specific” values. These are not true values as they
may or may not be universally applied to all models, and
therefore, a different set of kinetic triplet values were
obtained [24]. This method also provides a separate set of
kinetic triplets for each heating rate. Both examples
(PMMA and pine) confirm the interdependence of kinetic
triplets. Therefore, to parameterise CFD-based fire models,
the inflection point method used in this study is
appropriate.

A protocol for HoR was presented in [1] where both the
initial sample masses and the heating rates are the same for
both TGA and DSC measurements. Both DSC and TGA
data are matched at the same temperature, and respective
heat flow measured by the DSC data is then divided by the
un-subtracted mass from the TGA. These data (heat
flow/mass vs. temperature) are plotted, and the HoR is
determined by calculating area under the curve, where
pyrolysis occurred, according to Eq. (2):

_ AHpsc - W - y; _ AHpsc - yi
xiW

AHy (2)

Xi

where AHy is the HOR, AHpgc is the normalised enthalpy,
W is the total mass of the sample, y; is the instantaneous
yield of gaseous products (fraction of solid fuel) and x; is
the instantaneous fractional mass loss. To obtain AHpgc,
the definite integral should be evaluated between the
temperature range on which the reaction occurs:

AHpsc = / AE ir 3)
Wi
T
(b)
100 =
90
80
70 ——5Kmin™
60 10 K min~t
50 ——20Kmin~t
40 30K min™!
30 ——50 K min™!
20 ——100 K min~1
10 ——200 K min™!
0
75 125 175 225 275 325 375 425 475 525
Temperature/°C

Fig. 1 Thermal data for pine using the MTGA at various heating rates: a DTG plot and b TGA curves

@ Springer



Characterisation of pyrolysis and combustion parameters of charring materials... 2989

where AE is the instantaneous heat flow into the sample
and wj is the instantaneous mass.

In Eq. (2), values of y; and x; for non-charring materials
are equal to unity. However, for charring materials, two
reactions normally occur where the first is attributed to the
moisture release and the second reaction is a product of
fuel gas and char. Thus, the reaction path needs to be
estimated as shown in the example presented in Eq. (4),
where y; = 0.84 and x; = 0.985 x 0.84 = 0.827.

0.985 solid + 0.015 moisture — 0.84 fuel gas + 0.16 char
+ 0.015 vapour

(4)

MATLAB scripts were written to obtain the pyrolysis
parameters. On the other hand, cone calorimeter’s in-built
software was used to obtain the flammability parameters.
From regular measurements in each cone calorimeter test,
combustion parameter values were averaged over 6 min
from the ignition at each irradiation level for pine. For
cotton and wool, the combustion period ranged from
approximately 16 to 46 s and 22 to 89 s, respectively,
depending on heat flux, and this may be due to a thin layer
of the fabrics that are low in mass. Char yield was deter-
mined using the initial mass, final mass and moisture
content with Eq. (5):

ch

har yield = ————
char yie Wil — MC)

(5)
where Wy, and W, are the final mass and initial mass of the
sample in the cone calorimeter experiment, respectively,
and MC is the moisture content obtained from the TGA
experiment.

Results and discussion
Characterisation of pyrolysis parameters
Kinetic triplets of pine

For pine, the kinetic triplets were derived from Fig. la
using the inflection point method [20] and these are pre-
sented in Fig. 2a—c as a function of heating rates (d7/dr).
These figures show that the values of A, E and n vary with
d7/dr which is consistent with the decomposition shift
observed in Fig. la.

By conducting the least square regression analyses,
correlations were developed and are presented in Table 3
which show that increasing linear trends are observed for
the kinetic triplets with the heating rate.

Alternative pyrolysis parameters of pine

The FDS model [4] offers an alternative method for cal-
culating the conversion rate by using a combination of the
DTG peak location (REFERENCE_TEMPERATURE),
peak value (REFERENCE_RATE = peak dY/dT x heat-
ing rate) and PYROLYSIS_RANGE (approximate width of
the curves in Fig. la assuming its shape to be roughly
triangular).

The values of these parameters from the DTG curves are
presented as a function of the heating rate for pine and
moisture in Fig. 2d—f, and the regression analyses of all
three parameters for both pine and pine (moisture) show
power trends. The pine pyrolysis range has shown good
agreement with other studies [25-30], particularly at
10 K min~" where the value of 161 °C is consistent with
that of Wadhwani et al. [29] who reported 160 °C. At
5 K min~"', the pyrolysis range of the present study was
154 °C, whereas Slopiecka [28] obtained a value of 150 °C
and at 2 K min~', the pyrolysis range of this study was
147 °C compared to 140 °C reported by Yao et al. [30].

Other kinetic parameters, i.e. the yield of solid residue (vg
range) and the initial mass fraction, appear to be constant con-
cerning the heating rate for pine from the TG plots of Fig. 1b.
The values of these parameters are summarised in Table 4.

HoR of pine

The HoR is an effective model parameter to account for
heat loss during a pyrolysis process for the range of
materials tested. The HoR values as a function of the
heating rate for pine are presented in Fig. 3, and it can be
observed that a very strong increasing power relationship
exists for pine. An increasing trend of HoR values with
respect to heating rate has also been reported for the
heating of waste materials [31]. Anca-Couce et al. [32]
reported a HoR value for pine of around 200 kJ kg™*
measured at 10 K min~"', and this is higher than the value
of 137 kJ kg~ obtained in the current study measured at
20 K min~".

In a comprehensive review of the literature, Haseli et al.
[33] concluded that the external heating rate of the material
is one of the primary reasons for HoR variations. At high
heating rates, more energy is required to volatilise the solid
material into the gaseous phase, whereas at lower heating
rates, the transition from solid to gas is via a liquid phase
which requires lower energy [34].

The additional heat flow needed for volatilisation at high
heating rate is further discussed by other researchers who
have proposed explanations for the observed decomposi-
tion shift. Based on their study of cellulose, Missoum et al.
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Fig. 2 Kinetic parameters: a natural log of pre-exponential factor (pine); b activation energy, E (pine); ¢ reaction order, n (pine); d reference rate

(pine and moisture); e Reference temperature (pine and moisture);

and f pyrolysis range (pine and moisture)

Table 3 Pyrolysis parameter

Correlation for pine Correlation for moisture

. . Parameter
correlations for pine and
moisture Log(A)
E
n

Reference rate
Reference temperature

Pyrolysis range

0.0069 (d7/df) + 3.5374; r* = 0.92
0.021 (dTAdr) + 73.79; * = 0.51
0.0006 (d7/df) + 0.4175; r* = 0.53
0.0003 (d7/dn)°°7L 2 =1

331.23 (dT/H%04%; 2 =1

139.41 (dT/d)°°%%%; 2 = 0.99

0.0007 (d7/dn°3°74; 2 = 1
68.353 (dT/dn)*147; 2 =1
43.865 (AT/dn)*'**; r* = 0.99
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Table 4 Yield of solid residue and initial mass fraction of pine

Material Property Value
Pine Yield of solid residue 0.185
Initial mass fraction 0.965*
*Depending on moisture content
500.0
450.0
..... O
400.0 T ..........
- e
g’é’ 350.0 oo
— 300.0 T y = 52.725x05376
v Lot 2
< L R?=0.9904
o 2500 |
£ 2000 e
150.0 Ko current study
3 T,
H
100.0 e ¢ Ancaetal.
500 e Power (current study)
0.0
0 10 20 30 40 50 60

Heating rate/K min~!

Fig. 3 Heat of reaction (kJ kg™ ") for pine

[31] suggested that one reason for such a decomposition
shift is the result of the decreased residence time of vola-
tiles within the material which results in the reaction
commencing at higher temperature [35]. At high heating
rates, volatiles are more quickly formed and therefore they
spend less time within the sample, and this can also be
applicable to non-charring materials. Milosavljevic et al.
[36] suggested that a “mass transport limitation”, i.e. the
restriction of physical transport of the reactants at the gas—
solid interface, may also be responsible for the shift in
cellulosic materials.

It may be suggested that the samples have less residence
time within the vicinity of any specific temperature at the
higher heating rates. Therefore, by the time the volatiles
are formed, the sample has reached a higher temperature,
and thus, more heat flow is needed to assist the formation
of volatiles quickly at higher heating rates.

Kinetic triplets and HoR of cotton and wool

According to Faroq et al. [37], the thermal decomposition
of cotton can be observed over three separate stages where
the first stage is the moisture release due to evaporation/
dehydration. The second stage is the primary decomposi-
tion of cotton which accounts for 75% of the overall mass
loss and the subsequent char formation. The third and final
stage is attributed to the char removal or volatilisation of
the sample. Similarly, Wakelyn et al. [38] described three
stages, namely evaporation/dehydration, transformation
(accounting for 2% of dry mass of sample with the

production of CO,, CO and water vapour volatiles) and
vacuum pyrolysis of pure cotton cellulose (80% of original
sample mass).

The TG and DTG data for cotton are shown in Fig. 4a,
b, respectively. These figures show that dehydration of
cotton occurs at temperatures below 150 °C which is then
followed by the pyrolysis process which takes place
between 300 and 550 °C. It is clear from these figures that
multiple reactions result from the pyrolysis of cotton dur-
ing the measurement. Beyond this range, where the
pyrolysis is completed, a char residue remains as the final
product.

Overall, at each heating rate, there are three reactions:
one related to moisture evaporation (termed P1) with the
remaining peaks related to the pyrolysis of cotton compo-
nents with the first and second peaks expressed as Cotton 1
(P2) and Cotton 2 (P3), respectively. Unfortunately, due to
the reduced sensitivity of the Mettler TGA under the test
conditions, the moisture peak could not be properly
resolved in Fig. 4b. From Fig. 4a, it can be determined
that ~ 1.2% mass loss occurred during moisture evapo-
ration (P1), with ~ 51.2% and ~ 32.5% mass loss during
P2 and P3, respectively. In this case, P2 and P3 account
for ~ 84% mass loss which is roughly 10% greater than
the value reported by [37]. Cao et al. [39] and references
therein described 59% mass loss for cellulosic and semi-
cellulosic components and 14.5% lignin (non-cellulosic)
decomposition. Therefore, P2 and P3 most likely represent
cellulosic and non-cellulosic decomposition, respectively.
The char residue is ~ 15% and is consistent at all heating
rates.

The TGA and DSC experiments enable the identification
of at least two pyrolysis reactions about cotton samples P2
and P3 (cellulose and non-cellulose, respectively). How-
ever, often “single effective” kinetics is used in pyrolysis
modelling due to the relative simplicity of this model. The
kinetic triplet parameters derived from Fig. 4b using the
inflection point method are presented in Fig. 5 for “single
effective” cotton and in Figure 11 in the supplementary
material for cellulose and non-cellulose kinetics as a
function of heating rates (d7/dz). Through regression
analysis of the reaction kinetic parameters, the empirical
formulae obtained are presented in Table 5. A strong
decreasing trend is observed for A and E, whereas an
increasing trend is seen for n.

In Fig. 6a, the heat flow/unit mass vs temperature profile
of cotton derived from the DSC and TGA data is presented
by matching temperatures in the two sets of data. Here, the
first peak represents moisture evaporation, the second peak
represents the transformation process which absorbs heat,
the third peak represents cellulose pyrolysis and the fourth
peak represents non-cellulose pyrolysis. To take into
account the heat absorption during transformation, the
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Fig. 4 Cotton a TGA curves; b DTG plot of TGA with Mettler TGA at various heating rates
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Fig. 5 Kinetic parameters of cotton and wool: a natural log of pre-exponential factor; b activation energy, E; and ¢ reaction order, n

Table 5 Pyrolysis parameter

correlations (single effective) Parameter Correlation for cotton Correlation for wool

for cotton and wool Log(A) 10.164 (dT/dr)~"%; 2 = 0.99 12.893 (dT/dn) =13 2 = 0.94
E 156.75 (dT/dn~%9%3; 2 = 1 157.6 T/~ ¥ = 0.96
n 1.0157 dT/dn)*%8; »» =1 22.944(dT/dr)"*3%; ¥ = 0.96

AHpsc for cotton cellulose obtained from the areas under
the curves of the second and third peaks was separately
calculated using Eq. (10) in [1] and then added in order to
simplify numerical modelling. Similarly, AHpgc for the
“single effective” model includes the sum of the areas
under the curves of the second, third and fourth peaks.

@ Springer

Conversely, the AHpgc for non-cellulose is based only on
the area under the curve of the fourth peak.

To define the area under the peaks/curves, a spline
function is used whereby tangents are drawn inward from
the adjacent troughs; then, they are connected with an
approximate curve. Although this method is somewhat
arbitrary, this conjecture is not uncommon for defining
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Fig. 6 a DSC/TGA temperature-matched heat flow/mass of cotton at 20 K min~'; b HoR for Cotton (‘single effective’)

transitions in the thermal analysis [40]. The HoR values as
a function of the heating rate for cotton cellulose and non-
cellulose are presented in Figure 12 in the supplementary
material, whereas the “single effective” model is presented
in Fig. 6b. An increasing trend of HoR values concerning
the heating rate for cellulose is observed, whereas a
decreasing trend is seen in non-cellulose. However, no
definite trend is observed for the “single effective” model.

Similar to cotton, the thermal decomposition of wool
occurs in three stages [41] where the first stage is the moisture
release which is due to evaporation/dehydration. The second
stage is the decomposition of wool, and the final stage is
attributed to the char volatilisation of the sample. Figure 7
shows the TG and DTG profiles of wool when heated from 10
to 200 K min~" over the temperature range of 50-550 °C. At
lower heating rates (10-50 K min™"), dehydration occurred
at below 150 °C, whereas at higher heating rates, dehydration
is observed just below 200 °C.

The result observed at the lower heating rate has been
reported previously with the first significant TG mass loss
attributed to moisture release between 30 and 120 °C [42].
This is then followed by the wool pyrolysis process over
the range of approximately 200-500 °C. Horrocks and

(@)
100 jwur
0 [l
Wool PE
80 [ 10 K/min
Zg 20 K/min
EN 30 K/min
o 50
L 40 K/min
30 ——50K/min —_
20 | 100 K/min X
10 ——200 K/min
0
50 150 250 350 450 550

Temperature/ °C

DTG

Davies [43] reported that the pyrolysis of wool starts at
225 °C which is very close to the value found in the current
study.

The results also show that a single pyrolysis reaction
occurs for the wool sample and at lower heating rates
(1050 K min~") with another peak observed after pyrol-
ysis which is attributed to the char volatilisation. Con-
versely, at higher heating rates, no char volatilisation is
observed over the test heating range; rather, a char residue
is observed as the final product of the decomposition. It is
also evident that greater char residue remains at the
100 K min~" heating rate compared to the 200 K min~"
heating rate (Fig. 7a). The kinetic triplet derived for a
single reaction from the data of Fig. 7 using the inflection
point method is presented previously in Fig. 5 as a function
of heating rates (d7/dr).

The HoR for wool as a function of heating rate presented
in Fig. 8b shows an increasing trend with respect to heating
rate with a reasonable linear fit with some deviation from
linearity at lower heating rates resulting from the regres-
sion analysis. In general, the kinetic parameters and HoR
for wool show decreasing and increasing trends with
increasing heating rates, respectively.

(b)

0.009
0008 | T 10 K/min
0.007 20 K/min
0.006 30 K/min
0.005 40 K/min ol
0004 | ——50K/min i
0.003 ———100 K/min & y
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0

250 350 450 550
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Fig. 7 Wool a TG (dotted line indicates char/solid residue); b DTG of wool obtained using Perkin Elmer TGA
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Fig. 8 Wool a DSC/TGA temperature-matched heat flow/mass (20 K min~") b HoR

For cotton, and excluding char volatilisation, the yield of
solid residue (ns) and initial mass fraction (¥(0)) appear to
be constant with respect to heating rate (see TG plot in
Fig. 4a). For wool, it appears that Y(0) is independent of
heating rate; however, values of ng cannot be clearly
extracted, especially at low heating rates [23]. A gener-
alised average value of ng was determined, and these values
are given in Table 6.

It is known that changes in heating rates could have a
significant effect on the pyrolysis process [38, 39]. From
the DTG conversion rate profiles presented in Figs. 4b
and 7b, it is evident that as the heating rates increase, the
curve is also shifted to a higher temperature. A similar
trend is also observed in the heat flow profile, where the
heat flow also increases as the heating rate is increased.
The DSC profiles also show that the peak curve shifts to
higher temperatures as the heating rate increases. Further-
more, regarding the peak values, it is observed that the
peak value generally increases as the heating rate is
increased, indicating an increase in HoR with the increase
in heating rate.

Table 6 Yield of solid residue and initial mass fraction of cotton and
wool

Material Properties Value

Cotton Yield of solid residue 0.143
Initial mass fraction 0.985*

Wool Yield of solid residue 0.275
Initial mass fraction 0.945%*

*Depending on moisture content
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Characterisation of combustion parameters
Primary parameters

Significant variations in combustion parameter values as
the heat flux changes are observed for all three charring
materials tested. These are presented in Fig. 9 along with
char residue as a function of heat flux. These values are the
averaged values obtained from multiple measurements at
each heat flux level. Char yield result for 20 kW m ™2 is not
presented as at this irradiation sample did not completely
burn; i.e. some virgin component remained unburnt.
Through regression analysis of these variables, a number of
empirical formulae were obtained for pine, cotton and wool
and are presented in Table 7.

Linear correlations were obtained for all these parame-
ters with strong correlations observed for the EHoC, char
residue and CO, yield. The average EHoC measured at
50 kW m~2 and obtained in this study, 11.21 MJ kgfl, is
close to study conducted by Park [44] where a value of
12.94 MJ kg~ was obtained. The CO, yield in the same
study was 1.39 kg kg~' which is compared reasonably
well to that of the current study of 1.14 kg kg~'. Although
there is an increasing trend for char residue with respect to
heat flux with a reasonable linear fit, there is some devia-
tion from linearity at lower heat flux. In addition, a CO
yield of 0.019 kg kg™ was reported by Park [44] with a
comparative value in the current study of 0.007 kg kg~ '. It
should be noted that there are numerous pine species across
the world and comparisons should be made with this
consideration.

For cotton and wool samples, tests with heat fluxes
lower than 30 kW m~> commonly resulted in different
outputs when tests were repeated under the same condi-
tions. Therefore, fabric samples were tested at a minimum



Characterisation of pyrolysis and combustion parameters of charring materials...

2995

(a) (b
26.00 - 0.08 4
A Pine ¢ Cotton A Pine ¢ Cotton
23.00 - ) ) 0.07 A
wool ———————— L{near (Pine) 0.06 1 Wool e Linear (Pine)
20.00 - Linear (Cotton) Linear (Wool) Tuo - Linear (Cotton) Linear (Wool)
T, 17.00 A o 005 1
vy vy
S 1400 - 5 004 1
S~ (]
Q 11.00 A E. 0.03 - ]
i 800 1 N 3 002 - ’"V*”iﬁﬂ:_&
4 0.01 +
5.00 N
2.00 . . ; ; ! 0.00 - , . . )
0 20 40 60 80 100 0 20 40 60 80 100
Irradiance kW m —2 Irradiance kW m -2
(c) (d)
24.00 _ 1.60 -
A Pine ¢ Cotton
20.00 - Wool e Linear (Pine) 1.40 1
< Linear (Cotton) Linear (Wool) o .
= 16.00 %0 120 4 —p
3 o B w .=
‘3 12.00 A A S < 0l
g A ° 7 ¢
& 800 - > 0.0 -
(@) @] A Pine ¢ Cotton
4.00 060 - T E— Linear (Pine)
*r— 00— — Linear (Cotton) Linear (Wool)
0.00 ! ! ! ! | 0.40 T T T T |
0 20 40 60 80 100 0 20 40 60 80 100
Irradiance kW m 2 Irradiance kW m =2
Fig. 9 a Effective heat of combustion; b Soot yield; ¢ Char residue; d CO, yield with respect to heat flux
Table 7 Combustion parameter correlations for tested materials
Material Pine Cotton Wool
EoHC 0.1318 ¢" + 5.24; =097 10.798 ¢” — 0.0011; — 0.2214 ¢" + 22.749
7 = 0.5537 ”? = 0.886
Soot yield 0.0003 ¢" — 0.0034; =073 — 6E—06 ¢" ~2 + 0.0007 ¢" + 0.0042 — 0.0002 ¢" + 0.0438
7 = 0.449 ”* =0.8139
CO, yield 0.0035 ¢" + 0.9527; ”=0.88 — 0.007 " + 1.4548; — 0.0081 ¢" + 1.6006
7 = 0.9708 7 =0.7335
Char residue 0.0951 ¢ + 7.81; * = 0.98 u=210 u=374
o =0.02 o =0.02

of 30 kW m™? in this study which showed good repeata-
bility. The time- and sample-averaged values of four
combustion parameters (EHoC, soot yield, char residue
and CO, yield) obtained at 30, 40, 50 and 75 kW m~2
irradiation from the cone calorimeter software for cotton
are presented in Fig. 9. A linear correlation was obtained
with a relatively good fit for the CO, yield, whereas a
weak exponential trend was observed for EHoC as a
function of heat flux with no tangible trend for the CO and
yield data which present

soot

0.013 £ 0.0022 kg kg™

respectively.

average values

of

and  0.022 £ 0.003 kg kg,

The time- and sample-averaged values of the same four
(for pine and cotton) combustion parameters obtained from
the cone calorimeter software as functions of heat fluxes
for wool are also presented in Fig. 9. Good-to-average
linear correlations were obtained for each parameter except
for char residue, and in addition, the CO yield was
0.010 + 0.0018 kg kg~"'. Wool shows similar behaviour to
cotton under burning with the production of a char [45].
The values of char residue with respect to heat flux are
presented in Fig. 9c, and no significant trend is observed.
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Other combustion parameters

For simplistic fire modelling, where pyrolysis is not mod-
elled, the heat release rate per unit area (HRRPUA) or mass
loss rate per unit area (MLRPUA) can be used where these
two parameters are interchangeable, i.e. MLRPUA x EHoC
gives the HRRPUA. Values of peak HRRPUA, averaged
HRRPUA and standard deviation of HRRPUA along with
correlations (as functions of radiative heat flux, g, in kW) are
presented in Table 8. At first, three sets of time-series test
data were averaged. Then, averaged and standard deviation
values were calculated for the averaged set from ignition to
360 s for pine and from ignition to flameout for fabrics. For
cotton and wool, logarithmic relationships are obtained,
whereas pine shows a linear relationship. The ignition time
(Tign) data are also presented in Table 8, and based on all
tested materials, it can be seen that the ignition time
decreased as the heat flux increased with a g, 2 relationship
obtained for all three materials.

Overall, for three charring materials, significant varia-
tions in parameter values with respect to the incident
irradiance were observed. It is likely that the presence of
high moisture contents and possible variations in char
development with respect to incident radiation flux may
influence these variations, especially for EHoC. Addition-
ally, moisture evaporation and char development may not
be uniform through the depth of the sample during the fire
test. It was also found that many parameters vary with time
during the tests, even under constant irradiation.

Optimised use of parameters

As a fire grows in a real fire event, the combustible
materials exposed to fire receive different irradiance levels
and are heated at different rates (d7/dr). Ideally, simula-
tions should be performed by using appropriate values for
temperature, heating rate and irradiance at each computa-
tional node or cell for the fire conditions. For pyrolysis
simulations, Donskoi and McElwain [46] proposed a
method for altering the values of the A and E relevant to
changing heating rates. In another method, Li et al. [47]
coupled Kissinger’s method [48] with an optimisation
method to obtain a single kinetic triplet across three heat-
ing rates. The triplet was then extrapolated to a fourth
heating rate, and reasonable agreement with experimental
data was found. Furthermore, it is possible to determine
kinetic triplets for various reaction paths or for various
components within the sample by an optimisation process
[49]. However, none of these methods are expanded to
include the effects of HoR as a function of heating rate and
are applied to fire scenarios where solid- and gas-phase
reactions are coupled.
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Optimisation methods are also proposed by
Lautenberger et al. [21] to obtain an optimised single set of
all properties including kinetic triplets and HoR to match
cone calorimeter measurements, where the solid phase is
directly modelled, and a fixed gas-phase heat source is
considered. It would be tremendously computationally
“expensive” to include the gas-phase reaction modelling in
the optimisation process.

From the current study of experimental and numerical
results, it appears that the method described by Donskoi
and McFElwain [46] can be expanded for modelling coupled
solid- and gas-phase reactions by altering the values of the
kinetic triplet and the HoR relevant to changing heating
rates. This method for the FDS fire model by using built-in
RAMP functions is described below. This RAMP function
method is not limited to the kinetic triplet and HoR only,
but it is also applicable to combustion parameters that can
vary with incident radiation.

Ramp functions

Currently, with the RAMP function, the thermal properties
(specific heat, Cp and thermal conductivity, k) can be
specified as functions of temperature. The RAMP function
allows users to control the behaviour of these two param-
eters that are found experimentally. The behaviour can be
linear or nonlinear, and some examples are given below:

Cp_steel(T)

{

Case 1: T=20., F=0.45 / implies Cp=0.45 kJ kg-1 K-1 when 20°C>T
Case 2: T=677., F=0.85 / implies Cp=0.000837+0.6 when 20°C<7<677°C and
Cp=0.85 when T>677°C

¥

k_steel(T)
{
Case 1: T=20., F=48. / implies ~=48 W m-1 K-1 when 20°C>T
Case 2: T=677., F=30. / implies k=-0.0274T+48 when 20°C<7<677 °C and
k=30 when T>677°C

¥

It should be noted that for values of temperature (1) below
and above the given range, FDS will assume a constant
value equal to the first or last F specified; and (2) between
two consecutive temperatures, parameter values increase or
decrease linearly. With this setting, the fire growth and
development are being simulated by using a set of thermo-
physical property values at various temperatures.

Proposed ramp functions

It was shown previously that parameter values of A, E, n
and HoR vary with d77/dt for pine, cotton and wool. Similar
to the approach of Donskoi and McElwain [46], provisions
can be made for specifying the d7/ds-dependent values of
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Table 8 HRRPUA and ignition time

Pine

Wool

Cotton

Heat Flux

HRRPUA/KW m™2

HRRPUA/KW m™?2

HRRPUA/KW m™2

Tign/s

Average Peak SD

Tign/s

Peak SD

Average

Tign/S

SD

Peak

Average

164

24.89

125.33

68.68
79.63

20
30
40
50
75

100
35
19
15

23.03

24.22
31.55
31.68

132.11

51

16.49
34.11

48.72

21.56
35.57

44.79

22.0
9.0
7.5
35

21.84
26.17

70.41

21.75
34.84

142.25

84.14

23

96.42
101.48

109.4

73.8

188.05

106

15
7

36.49
37.87

72.37 25.56
26.79

37.48
37.79

218.81

128.85

55.62

76.0

-2
r

70000 g
0.95

1.85g, + 82

0.93

1.13g, + 45
0.97

-2
T

42000 ¢
0.97

60In(g,) — 142

0.73

37In(g,) — 102
0.98

—2
r

19000 g
0.95

6In(q,) + 50

0.78

16.3In(g,) — 29

0.68

Correlation

parameters in FDS. However, similar to the temperature
RAMP function described above, the heating rate RAMP
functions: (ACTIVATION_ENERGY_RAMP, HEAT O-
F_REACTION_RAMP, PREEXPONEN-TIAL_FAC-
TOR_RAMP and REACTION_ORDER_RAMP) can be
used in FDS. As the heating rate increases or decreases, the
RAMP function will provide appropriate material property
values representing actual conditions. As the FDS calcu-
lates the temperature history of each solid cell, it is possible
to calculate d7/dr for every time step. For simplicity, FDS
may need to use parameter values of the previous time step
for the current time step.

The cone calorimeter experimental results presented in
Sect. 4.2 show the variation in parameter values for EHoC,
CO yield, CO, yield and smoke yield concerning a change
in radiative heat flux (especially for charring materials). As
the FDS calculates radiative heat flux on each solid surface,
it is possible to introduce an IRRADIANCE_RAMP
function for every time step. It has been observed that those
parameters vary with time during the tests even under
constant irradiation. It may be argued that a more com-
plicated algorithm needs to be developed to reflect the
changes in values with respect to irradiance, time, material
thickness, char fraction etc. However, the method proposed
in this study can offer the first steps towards improved
usage of bench-scale data. It is expected that in future,
more advanced algorithms will be developed in relation to
gas and soot yields.

Conclusions

The effects of variation in heating rate, temperature and
heat flux on pyrolysis and combustion parameters of pine,
cotton and wool have been investigated. Significant vari-
ations in the obtained kinetic parameter values with respect
to heating rate were observed when tested between 5 and
200 K min~"', and it can be suggested that this variation
may be due to differences in the physical and chemical
properties of each material which is even more complicated
for charring materials than non-charring materials. For
some charring materials such as pine, a char can develop
when the material is exposed to higher temperatures. Fur-
thermore, differences in the chemical composition of the
materials can contribute to the thermal decomposition
process, and similar trends have also been reported by other
researchers, particularly with respect to the relationship
between pyrolysis and heating rate. As wool contains sig-
nificant amount of sulphur as shown in Table 2, which has
inhibitory effects on the combustion process, wool can
behave differently than other charring materials.

For each material studied, relationships between each
material parameter and heating rate were proposed through
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regression analysis. The trends and relative fit of the rela-
tionships for each parameter and for all three materials
were evaluated, and it is clear that all kinetic parameters of
pine materials show increasing trends with respect to
increasing heating rates. This is the reverse of the corre-
sponding trends found for wool and cotton (single effec-
tive) with respect to A and E. For n, there were a very
strong decreasing power trend for wool and a very strong
increasing power trend for cotton (single effective). For
simplicity, the average value of n across the heating range
for each material may be considered.

The variation in HoR with heating rates was also
observed and explained by the likelihood that a sample has
less residence time for undergoing a volatilisation process
at any particular temperature at higher heating rates. The
values generally increase with an increasing heating rate
for all three materials tested which is also consistent with
comparative literature findings.

The presence of moisture contents and likely variations
in char development with respect to incident heat flux may
influence the combustion parameters. Additionally, mois-
ture evaporation and char development may not be uniform
through the depth of the sample during the fire test. Con-
sidering the relative trends and strength of the relationships
for all combustion parameters measured, it was found that
the EHoC, soot yield, CO, yield and char residue of pine
increased with heat flux. The CO, yield for cotton
decreased with an increase in heat flux while for wool the
EHoC, soot yield, CO, yield decreased with an increase in
heat flux.

The characterised pyrolysis and combustion parameters
of a representative set of charring materials can be used as
input for CFD-based fire models. These inputs can be
optimised in the proposed RAMP functions where appro-
priate material property values represent actual conditions.
Thus, it will lead to a better and more reliable simulation of
real fire scenarios that invariably involve coupled pyrolysis
and combustion phenomena. Future research works should
apply the parameters and RAMP functions into CFD-based
fire models to simulate first bench-scale fire scenarios (such
as cone calorimeter tests) and then to laboratory-scale
scenarios (such as ISO room which is a 2.4 m wide x

3.6 m deep x 24 m high room) to validate against
benchmark experiments.
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