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process, physical process, chemical process and failure process. Consideration of all four fire processes
for these combustible materials is significant to modeling accuracy and application fields. Therefore,
the state of the art of one-dimensional modeling describing all four fire processes of woods, non-charring

f)(e{gog?:: polymers, charring polymers and intumescent polymers under external heat flux was reviewed. A sum-
Cgmbyustion mary of typical considerations in previous one-dimensional models was provided, including heat conduc-

Mechanical behaviors
Fire processes

tion, pyrolysis, production of gas volatiles, volume change, water evaporation, internal gas pressure,
properties of permeability and porosity, and mechanical behaviors. Empirical models and critical data

One-dimensional modeling of fire processes were also collected for modeling input. This paper can provide a guide to one-dimen-

sional modeling and build basis for two- and three-dimensional modeling.

© 2013 Published by Elsevier Ltd.
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Nomenclature

A pre-exponential frequency factor (1/s)
c concentration (mol/m?)

G specific heat capacity (J/kg/K)

E activation energy (kJ/mol)

E young’s modulus (Pa)

f shrinkage factor (-)

k rate of reaction (1/s)

L thickness of specimen (m)

m mass (kg)

m’ mass flux (kg/m?/s)

M molecular weight (kg/mol)

P pressure (MPa)

q external heat flux (w/m?)

Q heat of reaction (J/kg)

r radial distance from the center (m)
R universal gas constant (J/mol/k)

t time (s)

T absolute temperature (K)

u velocity (m/s)

X cartesian coordinate (m)

X moisture content (-)

y yield (g/g)

Y species mass fraction (-)

Greek symbols

o conversion of reaction (-)

AA unit cross-section area (m?)

Ah specific enthalpy of materials (J/kg)
Ax control volume width (m)

€ emissivity of materials (-)

¢ porosity (-)

y permeability (m?)

A thermal conductivity (W/m/K)
u dynamic viscosity (kg/m/s)

p density (kg/m?)

4 compression/tension (Pa)

Subscripts and superscripts

a active material between virgin material and char
ave average

bound bound water

c char

C carbon

co carbon monoxide
CO, carbon dioxide
convec convection process

desorp desorption process
evap evaporation process
f final conditions

g gas phase

H,0 water

i species i of solid or reaction i
l liquid water/phase
N, nitrogen gas

0, oxygen gas

S solid phase

sat fiber saturation point
soot soot

t tar

v virgin material

0 ambient conditions

Abbreviations

ABS acrylonitrile butadiene styrene
co carbon monoxide

CO, carbon dioxide

CHy4 methane

GRP glass rein-forced plastics

HDPE  high-density polyethylene
HIPS high-impact polystyrene

H,0 water

LDPE low-density polyethylene

N, nitrogen gas

0, oxygen gas

PA polyamide (nylon)

PBT poly(butylenes terephthalate)
PC polycarbonate

PE polyethylene

PET poly(ethylene terephthalate)

PMMA  poly(methylmethacrylate)
PP polypropylene
PS polystyrene

pPVC poly(vinyl chloride)

1. Introduction

Four species of combustible materials have been investigated in
previous one-dimensional modeling, including wood, non-charring
polymer, charring polymer, and intumescent polymer. According
to chemical compositions, woods can be classified into hardwood
and softwood. Hardwood and softwood have the similar percent-
age of cellulose, but hardwood have a little higher hemicelluloses
and less lignin than those of softwood [1]. Non-charring polymers
such PMMA, HIPS, and HDPE have no or very few residues after
burning. And both charring polymers and intumescent polymers
leave char after burning. Intumescent polymers melt and degrade
to form a viscous fluid, and they undergo expansion due to produce
of large amounts of gas. Polymers such as PET goes through shrink-
age under external heat flux, but PVC, PC, and carbon phenolic un-
dergo expansion [2-4]. It is difficult to develop a model which can
describe all four species of combustible materials as modeling dif-
ferences exist among these combustible materials. Different ap-
proaches are needed for the modeling of these combustible

materials [5]. For example, non-charring materials can be modeled
using theory similar to flammable liquids. Pyrolysis of charring
polymer is a complex interplay of chemistry, heat and mass trans-
fer. They must be modeled in terms of a pyrolysis front penetrating
into the materials with an increasing surface temperature and
without a well-defined steady state. And the modeling of intumes-
cent polymer is the most challenge one because of irregular
expanding char. A summary of modeling differences among these
combustible materials are listed in Table 1.

Fire processes of combustible materials under external heat
flux can be concluded into four types [6]: thermal process,
chemical process, physical process, and failure process. To de-
scribe these fire processes, some typical considerations were ta-
ken in previous models, including heat conductivity, pyrolysis,
production of gas volatile, volume change, internal pressure,
water evaporation, properties of permeability and porosity, and
mechanical behaviors. It is critical to explore these consider-
ations as they could greatly improve modeling accuracy and ex-
pand application fields.
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Table 1
A summary of modeling differences among combustible materials.

Items Wood Non-charring polymer Charring polymer Intumescent polymer

Pyrolysis reaction® - Two-steps - One-step - Multi-step - Multi-step

Residue - Char - Very few or no residue - Char - Expanded char

Volume change - Shrinkage - Shrinkage - Shrinkage or expansion - Expansion

Transition temp. - N/A - Glass temperature melting - Glass temperature melting - Glass temperature melting

temperature temperature temperature

Thermal - Consider as linear - Change before and after transition - Change before and after transition - Change before and after transition
properties temperature temperature temperature

Solid phase - Char layer pyrolysis layer - Pyrolysis layer virgin polymer - Char layer pyrolysis layer virgin - Char layer expanding layer virgin

virgin wood polymer polymer
Grain - Across or along - N/A - N/A - N/A

2 The pyrolysis reaction is summarized based on the consideration of previous models.

Progresses on fire processes modeling have been made gradu-
ally. In 1965, a one-dimensional mathematical model was devel-
oped to predict thermal process of wooden dowel by Tinney [7].
Heat transfer was described by Fourier conduction equation with
a heat-source term. And pyrolysis reaction was expressed by a
first-order Arrhenius equation. Later in 1972, exhausted gas vola-
tile was considered by Kung [8]. Gas volatiles were regarded as
flowing out immediately after production. In 1987, gaseous perme-
ability of wood was measured and used to simulate drying process
by Perre [9]. In 1990, Aerts and Ragland [10] developed a model
considered gas phase, consisting of oxygen, hydrocarbons, CO,
CO, and water vapor. In 1992, McManus and Springer [11] devel-
oped a model which described responses of carbon phenolic under
mechanical loading. Subsequently, many works have been done on
one-dimensional modeling of combustible materials under exter-
nal heat flux [12-22].

Fig. 1 shows a statistics of considerations in previous one-
dimensional models. It is noticed that most of the models have fo-
cused on woods, and few models focused on non-charring and
intumescent polymers. Considerations such heat conductivity,
pyrolysis are essential to fire processes modeling. However, model-
ing accuracy and application fields are challenged because of the
absence of considerations such as volume change, water evapora-
tion, and mechanical behaviors.

To improve modeling accuracy and expand the applications
fields, efforts are still needed to be put in several aspects. Firstly,
some critical data are needed to be collected. For example, mod-
eling results are quite sensitive to kinetic data [21]. Collection of
kinetic data for both woods and polymers is critical to modeling
accuracy. Modeling accuracy is also hampered when thermal
properties were considered as temperature independent. Critical
data or empirical models describing temperature dependent
thermal properties are needed to be collected as well. Secondly,
some considerations are not often taken in previous models and
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Fig. 1. Statistics of considerations in previous one-dimensional models.

needed to be explored, such as volume change, internal pressure,
water evaporation, properties of permeability and porosity,
mechanical behaviors. Lastly, descriptions of all four fire pro-
cesses for both woods and polymers are significant to improve
modeling accuracy. And an integrated model which can describe
different species of combustible materials is critical for fire pro-
cesses modeling.

This paper presents a critical review of one-dimensional model-
ing of combustible materials under external heat flux, including
woods, non-charring polymers, charring polymers, and intumes-
cent polymers. A summary of typical considerations in previous
one-dimensional models was provided, including heat conduction,
pyrolysis, generation of gas volatiles, volume change, water evapo-
ration, internal gas pressure, properties of permeability and poros-
ity, and mechanical behaviors. Empirical models and critical data
of fire processes are also collected. This paper can provide a guide
to one-dimensional modeling and build basis for two- and three-
dimensional modeling.

2. Fire processes
2.1. Thermal process

Thermal process is essential to one-dimensional modeling of
combustible materials. At the beginning, Fourier's law was used
to described heat transfer inside solid phase [7]. Surface radiation,
convection heat loss were ignored. Thermal conductivity was also
considered temperature independent. Later, thermal properties
were described in modeling by interpolation between char and vir-
gin materials [8,23,24]. As the development of experimental condi-
tions, temperature dependent thermal properties such as thermal
conductivity, specific heat capacity, surface absorptivity were ob-
tained and used in modeling [25-27]. Some typical models showed
the progress of thermal process description, which will be provided
as follows.

In 1965, a one-dimensional mathematical model was developed
for the combustion of small wooden dowels heated externally by
Tinney [7]. Heat transfer was described by Fourier conduction
equation, including a heat-source term:

oT . [(&*T 10T ap
Pcpat”(arz*rar)%t M)

The surface was assumed to heat evenly, and heat entered inside
from the surface to the center. And the center was assumed as
inert.

Later in 1972, Kung [8] developed a model to describe wood
slabs heated externally. Convection heat of gas volatiles and endo-
thermicity of pyrolysis reactions were considered in this model,
which was expressed as:
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Table 2

Surface absorptivities of combustible materials dependent on temperature.
Name Blackbody emitter temperature (K) Flame Solar

1000 1500 2000 2500 3000 3500
Alaskan cedar - - - 0.44 - - 0.76 0.36
Ash - - - 0.46 - - 0.76 0.36
Balsa - - - 0.41 - - 0.75 0.35
Birch - - - 0.47 - - 0.77 0.39
Cottonwood - - - 0.48 - - 0.76 0.40
Mahogany - - - 0.49 - - 0.76 0.52
Mansonia - - - 0.47 - - 0.76 0.51
Maple - - - 0.49 - - 0.76 0.44
Oak - - - 0.56 - - 0.77 0.49
Redgum - - - 0.52 - - 0.77 0.56
Redwood - - - 0.51 - - 0.77 0.55
Spruce - - - 0.45 - - 0.76 0.35
White pine - - - 0.49 - - 0.76 0.43
Masonite - - - 0.52 - - 0.75 0.61
PP 0.87 0.83 0.78 0.74 0.70 0.68 0.86 0.62
PS (clear) 0.75 0.60 0.46 0.35 0.28 0.22 0.78 0.095
PS (white) 0.86 0.75 0.63 0.53 0.45 0.40 0.88 0.29
Polyurethane thermoplastic 0.92 0.89 0.83 0.77 0.72 0.68 0.93 0.62
PVC (clear) 0.81 0.65 0.49 0.38 0.30 0.24 0.85 0.15
PVC (gray) 0.90 0.90 0.89 0.89 0.89 0.89 0.91 0.89
PVC/acrylic (gray, rolled) 0.88 0.87 0.86 0.85 0.84 0.83 0.88 0.81
PVC/acrylic (red cast) 0.91 0.90 0.89 0.88 0.87 0.86 0.92 0.86
Rubber (Buna-N) 0.92 0.93 0.93 0.93 0.93 0.93 0.92 0.94
Rubber (Butyl IIR) 0.92 0.93 0.94 0.94 0.95 0.95 0.92 0.95
Rubber (natural, gum) 0.88 0.82 0.76 0.72 0.69 0.68 0.89 0.69
Rubber (neoprene) 0.91 0.92 0.93 0.93 0.93 0.93 0.91 0.94
Rubber (silicone) 0.79 0.66 0.58 0.54 0.52 0.53 0.79 0.62
oT 9 (. oT , OAhg )= Jg+p,(T —To)
PCps—— == Aoz | + 11, (6)
ot ox\' ox X Cp = Cpo +po(T —To)
4 ap Q- Py Ah, + Ps Ah, + Ahg 2) where p; apdl p2 are coefﬁci.ents. o .
ot Py — Ps Py — Py Absorptivity of combustible materials is a very important ther-

The first three term describe the effects of transient and spatial
temperature changes and convection heat of gas volatiles. The last
term is the endothermicity of pyrolysis reactions.

For boundary conditions, exposed surface receives external heat
flux, while the bottom was assumed as inert. The boundary condi-
tions were expressed as:

—ZL=q", x=0
- 3
{ ad_0 x=1L (3)

ox

Predicted temperature by Kung’s model is much higher than
practice when surface heat losses of convection and radiation were
ignored. This problem was solved in Kansa’s model [28], which
were expressed as:

T ox

_;ﬂzgq//_ga(rl _Tg) — Heonpec(T — To), Xx=0 @
x=1L

ar _
=0
where ¢ is Stefan-Bolzmann constant, 5.6704 x 10~8 W/m? K*.
Thermal properties may change as temperature rises. In kung’s
model, thermal conductivity was expressed by interpolation be-
tween virginal wood and char:

j=P =P  Pu= P, 5)
Py — Pc Py — Pc

In this equation, if p > p,, 2= 2,; and if p - p, 1 = i.. How-
ever, this description was not so accurate to describe the thermal
properties when comparing to the direct measurement.

The use of temperature dependent thermal properties may lar-
gely increase the modeling accuracy. Temperature dependent ther-
mal properties were later used by Fan et al. [27], which are
expressed by:

mal property for boundary conditions. Some models considered it
as temperature independent and modeling results were affected.
Temperature dependent absorptivities of combustible materials
are then gathered for modeling input, shown in Table 2
[21,29,30]. Experiments were used to measure absorptivities of
blackbody heat source. Solar radiation was considered as a
6000 K heat source, and tungsten as a 2500 K heat source. Absorp-
tivities of combustible materials at specific temperature can be ob-
tained by interpolation.

2.2. Chemical process

2.2.1. Pyrolysis reaction

Different pyrolysis reactions exist for woods and polymers. For
woods, pyrolysis process can be expressed by a two-steps reaction.
Virginal woods change into gas, tar and char during pyrolysis reac-
tions. Then the tar changes into gas and char at the same time.
Although the pyrolysis reactions of some polymers are very com-
plicated, they can be simply considered that they change into gas
and char directly, namely one-step reaction. Pyrolysis reaction
scheme of wood and polymer is shown in Fig. 2. The dash line
for polymer represents non-charring polymers as they produce
no or very few char.

Studies on woods’ pyrolysis reactions have never stopped. Sev-
eral types of models have been developed previously:

e The first type is a two-steps reaction, which can be seen in
Fig. 2.

o Another type of model was developed under the consideration
that woods consist of three main chemical components, such
as cellulose, hemicelluloses and lignin [31-35]. Individual pyro-
lysis reaction for these three chemical components was used in
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Gas
Kg
Kg2
Kt
Wood Tar
kcl ka
Char

Gas

Fig. 2. Pyrolysis reaction scheme of wood and polymer.

modeling as they show different characteristics during their
pyrolysis reactions. The pyrolysis reactions of woods were then
regards as the mixture of these three chemical components.

A different pyrolysis model was developed by Kilzer-Broido
[31,36]. In this model, wood was pyrolyzed through two paths.
One was an endothermic tar producing reaction and the other
was an intermediate solid producing reaction which was
assumed to have a zero heat of pyrolysis. The intermediate
solid, corresponding to dehydrocellulose in this model, was
decomposed into char and gas during an exothermic reaction.

According to above models, Park et al. [31] developed a model
which is similar to the first model. The difference is that woods
change into intermediate solid first before changing into char.

Pyrolysis reactions in Fig. 2 can be described by Arrhenius law.
For woods, virgin material changes into gas volatiles, tar, and char
synchronously. And polymer changes into gas and char directly.
Total mass loss depends on all these pyrolysis reactions, which
can be given as:

{% = kmg = (kg1 + k¢ + k)Mo, Wood

s — kmg = (kg + ke)mo, Polymer

()

For individual pyrolysis reaction, mass loss can be given as:

om;
ot
where i is the pyrolysis reaction; and subscripts of g1, t, c1, g2 and c2
represent pyrolysis reactions of wood, and g and c for polymer,
shown in Fig. 2.

Reaction rate k is governed by the Arrhenius Law:

_a(ms=m\" L (_E
klfA,< o )exp< RT) (9)

Pyrolysis reactions of woods and polymers are also affected by
concentration of oxygen. Tihay et al. [37] investigated the influence
of oxygen concentration on kinetics of cellulose. It was gained that
increasing the oxygen concentration tends to shift the pyrolysis
and char oxidation to lower temperature and to raise the maxi-
mum mass loss rate. Martin-Gullon et al. [38] conducted experi-
ments on pyrolysis reactions of PET with different proportions of
oxygen. Results showed that the higher the oxygen presence, the
earlier the char consumption finishes. Different pyrolysis stages
were obtained when polymer under different atmosphere condi-
tions [39]. Influence of oxygen on pyrolysis reactions can be ex-
pressed by the following form:

= —kimg (8)

o EN m n
E_Aexp (*ﬁ)PQZ(l — o) (10)

where Py, is the partial oxygen pressure, Pa; m is reaction order
with respect to oxygen; and « is conversion of reaction, which
can be defined as:

my—m
o = 0

= e~y (11)

Table 3 shows a summary of kinetic data of different species of
combustible materials. Activation energy and pre-exponential fre-
quency factor were obtained by experiments. Most of the pyrolysis
reactions were expressed by one-step kinetic equation. Tempera-
ture ranges of related pyrolysis reactions are provided. Although
many experiments have been taken, it is noticed that few data
are obtained for the production of gas volatiles and tar.

2.2.2. Combustion of char

Combustion of char has always played an important role in
modeling of combustible materials under external heat flux. A
large number of studies have been done on combustion of char.
Saastamoinen et al. [59-63] have put a lot of effects on simulations
for both circulating fluidized-bed combustion and pulverized fuel
combustion, considering the gasification, oxygen concentration,
pressure, moisture, etc. A one-dimensional steady state model
has been developed to analyzed combustion of biomass char in cir-
culating fluidized bed by Kaushal et al [64]. This model included
different sub-models that are linked together to describe the over-
all combustion process, such as hydrodynamic and reaction sub-
models. Refs. [65-71] have provided a comprehensive review on
combustion of char.

Reactions of carbon and oxygen have been extensively investi-
gated for coal char, but still present aspects that are poorly under-
stood [66]. However, the most widely used treatment is called
global power-law:

C+0; —CO/COy, k= Ayexp(~E/RT)P}, (12)

where Py, is the partial pressure of oxygen; and Ay, E are kinetic
data representing char oxidation rate. A summary of these kinetic
data can be found in Ref. [66].

As the productions of CO and CO, are significant, studies have
been done on the ratio CO/CO, during char combustion process.
Arthur [72] conducted experiments on combustion of artificial
graphite and coal char using flow method. It was found that the
CO/CO, ratio was independent of burning time, air velocity (when
temperature is lower than 900 °C) and initial partial pressure of
oxygen in the range 38-190 mmHg. But this CO/CO, ratio in-
creased exponentially with temperature in the range 480-900 °C,
appeared to be uniquely determined by the temperature.

Tognotti et al. [73] investigated the ratio CO,/CO from oxidation
of Spherocarb char for temperatures up to 1670 K. It was obtained
that CO,/CO ratio was proportional to the oxygen partial pressure
raised to a power of 0.21. The CO,/CO ratios produced by heteroge-
neous oxidation of carbons was summarized by an exponential
relation:

C0O,/CO = Aexp (g) (13)
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Table 3
A summary of kinetic data of different species of combustible materials.
Material type Reference Material Experimental condition Temp. range (K) Kinetic constants
Softwood Samolada and vasalos [40] Fir wood Isothermal 673-773 kg1 + ke =2.40 x 10* exp(—94/RT)
Wagenaar et al. [41] Pine TGA? 553-673 ke =3.05 x 107 exp(—125/RT)
773-873 ke =9.28 x 10° exp(—149/RT)

kg1 =1.11 x 10! exp(—177/RT)

k=1.4 x 10'° exp(—150/RT)
Chan et al. [42] Pine - - ke =1.08 x 107 exp(—121/RT)

k=2 x 10% exp(—133/RT)

kg1 = 1.3 x 10% exp(—140/RT)
Liu and Fan [43] Nanmu TGA 435-568 k=5.53 x 10% exp(—116.57/RT)
_ 568-623 k=1.99 x 102* exp(—290.53/RT)
n=2 623-728 k=5.91 x 10° exp(—109.37/RT)
728-787 k=230 x 10%' exp(—320.37/RT)
Liu and Fan [43] Paulownia TGA 455-571 k=7.64 x 10'! exp(—149.0/RT)
571-631 k=1.44 x 10'® exp(~215.21/RT)
631-671 k=3.90 x 10%° exp(—287.32/RT)
671-775 k=7.42 x 10" exp(—645.17/RT)
Hardwood Thurner and Mann [44] Oak sawdust Isothermal 573-673 kg1 =1.43 x 10* exp(—88.6/RT)

ke=4.13 x 10° exp(—112.7/RT)
ke =7.38 x 10° exp(—106.5/RT)
kg1 + ke =1.73 x 10° exp(—106.5/RT)
k =2.49 x 10° exp(—106.5/RT)

Di Blasi and Branca [45] Beech - 573-708 kg1 + ke =1.5 x 10'° exp(—149/RT)
ket =3.3 x 10° exp(—112/RT)
kg1 = 4.4 x 10° exp(—153/RT)
ke=1.1 x 10'° exp(—148/RT)

Gorton and Knight [45] Hardwood Isothermal 677-822 k =1.483 x 10° exp(—89.52/RT)
Ward and Brashlaw [45] Wild cherry Isothermal 538-593 k=1.19 x 10'2 exp(—173.7/RT)
Nunn et al. [46] Sweet gum Non-isothermal 600-1400 kg1 + ke = 3.338 x 10° exp(—69/RT)
Font et al. [45] Almond shell - 733-878 ker =2.98 x 10% exp(—73/RT)

k;=5.85 x 10° exp(—119/RT)
kg1 =1.52 x 107 exp(—139/RT)
k =1.885 x 10° exp(—92.1/RT)

Swann et al. [47] Maple plywood TGA 353-823 k=(2.0+0.33) x 10'3 exp[—(170 = 23)/
DScP RT]
k=(1.33%0.83) x 10" exp[—(146 £ 3)
RT]
Liu and Fan [43] Willow TGA 446-595 k=2.54 x 10% exp(—118.73/RT)
595-658 k =2.53 x 10% exp(—296.93/RT)
658-699 k=8.13 x 10" exp(—226.56/RT)
699-768 k=441 x 10> exp(—711.36/RT)
Non-charring polymer  Stoliarov et al. [48] PMMA TGA - k=85 x 10'2 exp(—188/RT)
Stoliarov et al. [48] HIPS TGA - k=1.2 x 10'® exp(—247/RT)
Stoliarov et al. [48] HDPE TGA - k=4.8 x 10* exp(—349/RT)
Kang et al. [49] PMMA TGA (5 K/min)“ - k=2.15 x 10'6 exp(—102.461/RT)
TGA (10 K/min) k =3.65 x 10'° exp(—118.494/RT)
TGA (15 K/min) k=1.35 x 107 exp(—103.822/RT)
TGA (20 K/min) k=3.82 x 10?3 exp(—139.502/RT)
Bockhorn et al. [50] PS Isothermal 633-683 k=2.08 x 10® exp(—95/RT)
Carniti et al. [51] PS Isothermal 633-693 kg1 + kgz = 6.9 x 10'! exp(—195/RT)
Liu et al. [52] PS Isothermal 643-773 kg1 + kg2 = 1.16 x 10* exp(—71.3/RT)
Bockhorn and Knumann [53] PE - 473-873 k=7.2 x 10" exp(—259/RT) n=0.81¢
Urzendowski and Guenther [53] HDPE - 673-758 k=1.3 x 10?! exp(—304/RT)
Urzendowski and Guenther [53] LDPE 648-753 k=3.1 x 10%° exp(—290/RT)
Ciutacu et al. [54] PE Non-isothermal 503-653 k=1.8 x 10° exp(—66.6/RT)
653-823 k=2.6 x 10° exp(—121.81/RT)
Bockhorn and Knumann [53] PP - 473-873 k=8.6 x 10'! exp(—224/RT) n=0.78
Kiang et al. [53] Isotactic PP - 661-711 k=3.3 x 10" exp(—213/RT)
Kiang et al. [53] Atactic PP - 661-711 k=1.4 x 10> exp(—234/RT)
Sawaguchi et al. [53] Isotactic PP - - k=1.2 x 10'° exp(—173.9/RT)
Sawaguchi et al. [53] Atactic PP - - k=2.0 x 10" exp(—171.8/RT)
Straus and Wall [53] PP - - k=2.51 x 10'® exp(—247/RT)
Kannan et al. [55] PP TGA 673-713 k=3.2 x 105 exp(—244/RT)
k=22 x 10" exp(—188/RT)
Kannan et al. [55] HDPE TGA 673-723 k=19 x 10'3 exp(—220/RT)
Kannan et al. [55] LDPE TGA 673-723 k=1.0 x 10'® exp(—241/RT)
k=9.8 x 10" exp(—201/RT)
Fuoss et al. [53] PS Isothermal 667 k=5.0 x 10** exp(—323/RT)
Kuroki et al. [53] PS - 583-653 k=1.8 x 10" exp(—152/RT)
Madorsky [53] PS - 608-628 k=9.0 x 10'° exp(—244/RT)
Sato et al. [53] PS - 373-873 k=3.5 x 10" exp(—~177/RT) n=0.75
Kannan et al. [55] PS TGA 638-673 k=3.3 x 10'® exp(—204/RT)
Grammelis et al. [56] LDPE - - k=1.4 x 10?8 exp(—437.1/RT)
Grammelis et al. [56] HDPE - - k=4.5 x 10% exp(—445.2/RT)

(continued on next page)
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Table 3 (continued)

Material type Reference Material Experimental condition Temp. range (K) Kinetic constants
Grammelis et al. [56] PP - - k=3.17 x 10** exp(—373.4/RT)
Grammelis et al. [56] PS - - k=4.0 x 10?5 exp(—414.9/RT)
Charring polymer Ciutacu et al. [54] PA Non-isothermal 563-793 k=1.9 x 10° exp(—110.5/RT)
Ciutacu et al. [54] ABS Non-isothermal 523-743 k=25 x 10> exp(—83.7/RT)
k=1.0 x 10® exp(—169.9/RT)
743-903
Grammelis et al. [56] PA - - k=2.83 x 106 exp(—256.6/RT)
Intumescent polymer  Simon [57] PVC - - k=6.61 x 10'? exp(—162.8/RT)
k=5.88 x 10'2 exp(—171.9/RT)
Bockhorn et al. [58] PVC Isothermal 493-623 k=2.64 x 10" exp(—290/RT) n =2
673-823 k=4.19 x 10"® exp(—260/RT) n = 1.8
Ciutacu et al. [54] PC Non-isothermal 503-783 k=2.8 x 10® exp(—151.5/RT)
783-893 k = 3.8 x 108 exp(—90.4/RT)
Grammelis et al. [56] PC - - k=9.33 x 10%° exp(—340.7/RT)

TGA represents thermogravimetric analysis.

DSC represents differential scanning calorimetry.

Value in bracket is the heating rate during experiments.

n is the order of reaction, and no mention means first-order reaction.

where A = Ay(Po, )", with Po, in atmospheres, Ag = 0.02; and B is tem-
perature coefficient, which depends on oxygen concentration.

Although one-step global power-law kinetics is popularly used
to describe the char combustion up to complete conversion, multi-
step models have also been proposed. The additional steps concern
the low-temperature devolatilization of char or both devolatiliza-
tion and combustion of char [66].

Another kinetic expression that has been periodically used to
interpret char combustion kinetics is the Langmuir-Hinshelwood
expression, which describes competing adsorption and desorption
reaction on the char surface [74]. The most commonly applied of
this reaction is the two-step Langmuir-Hinshelwood kinetics:

C+0,%c(0)

. (14)
c0)2co

And the overall burning rate can be expressed by:

k] kZPOZ

:klpoz +k2 (15)

As the above two models, such as global power-law kinetics and
Langmuir-Hinshelwood kinetics, do not provide even the crudest
description of the reaction order data, a three-step semi-global
kinetics was developed by Hurt and Calo [68]:

C+0,%2c(0)

C(0) + 0, 2.0, + C(0) (16)
c(0) % co

And the overall burning rate can be expressed by:

B k] ’(2P02 + k] k3P02

= Po, + ko 2 (17)

Hurt and Calo [68] made comparisons among above models,
such as global power-law, Langmuir-Hinshelwood kinetics, and
three-step semi-global kinetics. It was obtained that neither global
power-law nor Langmuir-Hinshelwood kinetics were appropriate
as general forms for describing char combustion kinetics over en-
tire range of technological interest in temperature and oxygen
pressure. And the three-step semi-global kinetics was capable of
describing the basic trends in global order, global activation en-
ergy, and CO/CO, ratio over a wide range of combustion conditions.

More complicated multi-steps model describing char combus-
tion are available, and the details can be seen in Refs. [66,68].

2.2.3. Production of gas volatiles

Many species of gas volatiles are produced when combustible
materials is put under external heat flux. Among these gas vola-
tiles, CO is the most significant one because of its characteristic
of life-threatening. Roughly two-thirds of all deaths resulting from
enclosure fires can be attributed to the presence of CO, which is
known to be the dominant toxicant in fire deaths [75].

Two approaches were found to predict production of gas vola-
tiles in previous models. The first approach is to use gas yields di-
rectly. And production rates of gas volatiles are connected with
mass loss. He and Behrendt [76] used experimental data to predict
gas volatiles:

wood + Ah — 0.183CO + 0.115CO, + 0.047 CH4 + 0.005 H,
+0.25H,0 + 0.2tar + 0.2 char (18)

where Ah is the heat for pyrolysis reactions, J/kg; and coefficients
on the right side of equation are yields of products. For example,
0.183 kg CO will be produced after consuming 1 kg wood.

Experiments have been taken to obtain the yields of products of
woods, which are listed in Table 4. These yields are dependent on
several conditions, such as sample size, temperature, moisture
content, atmosphere condition, etc. Experiments in this table are
small-scale with particle or powder samples. For a larger sample
size, Shi and Chew [77] tested wood slabs under external heat flux
in a cone calorimeter, and moisture dependent CO yield was
obtained:

1

Yeo = (2.6 —6.9X) x 10° ———

ooy (10<L<30) (19)

To predict CO production of woods under external heat flux, a mod-
el was developed by Shi and Chew [80,81]. In this model, oxidation
reactions of both virgin wood and char were included, and CO yields
of these two reaction were considered constant even under various
external heat flux. Experimental results showed a sharp decrease of
CO release rate shortly after ignition and a second peak near the end
of experiments [77,82]. Therefore, it was assumed in Shi and Chew’s
model that the new produced CO during the presence of visible
flame change into CO, immediately after production. From the com-
parisons between experiments and modeling, it was noticed that CO
release rate of woods under external heat flux can be well predicted
by this model.

Another approach to predict production rate of gas volatiles is
multi-steps reactions. It is easy to get the chemical formula of poly-
mers. But there is no description on chemical formula of woods.
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Table 4
Yields of products of woods.
Material Sample size Experimental conditions Char Tar co CO, H,0
Sweet gum [46]  Powder of 100 mg Electrical screen heater reactor, 600-1400 K 0.07 0.46 0.17 0.061 0.051
Pine [42] 1 cm diameter cylinder Moisture content of 0.04-0.05, single-particle 0.23 0.44 0.086 0.076 0.15
sample Pyrex reactor, heat flux of 167 kW/m?
Almond shell® [78] 0.297 -0.50 mm diameter, Fluidized bed reactor, nitrogen condition - - 0.019-0.038 0.048-0.099 0.16-0.19
30g
Wood [40] Particle of 2 g Fluidized bed reactor, temperature range of 400-500 °C 0.272-0.44 - 0.016-0.047 0.045-0.089 -
Sawdust [79] 0.105-0.25 mm diameter =~ Moisture content of 0.0493, fluidized bed reactor, 0.018-0.22 Nil 0.028-0.23 0.046-0.19 0.18-0.25

350-600 °C, 55% hydrogen and 45% nitrogen by volume

Cellulose [79] 0.105-0.25 mm diameter
426-741 °C, nitrogen condition
Corn stover [79]  0.105-0.25 mm diameter

450-650 °C, nitrogen condition

Moisture content of 0.0075, fluidized bed reactor,

Moisture content of 0.09, fluidized bed reactor,

0.080-0.19 0.29-0.47 0.052-0.27 0.068-0.13 0.13-0.21

0.19-0.46 0.20-0.30 0.025-0.039 0.076-0.098 0.14-0.19

2 The yields obtained from experiments are dry basis.

Table 5
Average weight percentage of elements of woods.
Element Hardwoods Softwoods Oak bark Pine bark
C 50.2 52.7 52.6 54.9
H 6.2 6.3 5.7 5.8
(o] 43.5 40.8 41.5 39.0
N 0.1 0.2 0.1 0.2
S - 0 0.1 0.1

This problem can be solved by using average weight percentage of
each element. Table 5 shows the average weight percentage of
each element of woods [83]. To predict production of gas volatiles,
Wang [84] assumed that C,H, oxidizes to CO and H,O while inter-
mediate CO oxidizes to CO,:

{ Step 1: 1KkgCH, + 2; kg 0, — 28Y¢/12 kg CO + 18(1 — Yc)/2 kg H,0
Step 2: 1kg CO+ v, kg O, — (1 + 1,) kg CO,
(20)

where Y is the mass fraction of carbon in CHy; #; and », denote the
stoichiometric coefficients, which are defined as follow:
32 16 28 16
1 —ﬁyc +7(1 =Yo)-=Ycrr, v =58
Floyd and McGrattan [85] developed a more complicated model
with the consideration of atom nitrogen and M (which is not C, H,
O, or N). This is a two-steps reaction, detailed equations were
developed with a consideration of all the species:

v (21)

Step 1: CHyO:NoMj, + vo, O3 — v,0 H2 O+ (g + ¥co) CO+ Vo0 SO0+ vN, N2 + vy M
Step2: ¢, (CO+30, —CO;)
(22)

where M is a species representing portion of the fuel that is not C, H,
O or N. Note that CO has two stoichiometric coefficient where ¢,
applies to the CO that can be converted to CO, and v applies to
the CO that exists post-flame, and oxidation rate of CO can be seen
in [86]; and vu,0, Usoor» ¥n,, and vy are stoichiometric coefficient of
water, soot, nitrogen and species M, respectively.

These stoichiometric coefficients are obtained by gas yields and
mass fraction:

a y
UN, = 5 Un,0 = 5~ Y Usoor,
o V/co + Un,0 —2
T 2 ’
z)H20 —Z s
_2Y , _ >
) ) co MCOJ’cm

Z/Q V/co =X—Uco — (1 - YH)Usoon

Vo, = Vco, + (23)

M;
UCOZ =X— (1 - YH)Usoota Usoot = M_tysoo[-,
500

Uvm = b7 Msoot =YyMy + (1 - YH)MC

where Yy is the atom fraction of hydrogen in the soot; yco and Yseor
are the user-specified post-flame yields of CO and soot; x, y, z, a and
b are coefficients which come from the specification of the fuel mol-
ecule; and M is molecular weight, kg/mol.

2.2.4. Combustion of volatiles

The combustion of most fuels mainly starts at the reaction of
volatiles [87]. Combustion and reforming of volatile species may
have a great impact on the outlet gas composition, carbon conver-
sion and gasification efficiency [88]. Mainly, up to half of the coal
specific energy comes from its volatile contents. Coal volatiles
combustion, set free during a gasification process, have a notice-
able impact on char combustion reaction rate, outlet gas composi-
tion, heat and mass transfer inside the bed as well as the freeboard,
and mixing patterns [89].

Experimental observations on combustion of pre-mixed gases
in fluidized beds identified three combustion regimes [90]: (1) at
low bed temperatures (less than about 970-1020 K), the volatiles
may not burn within the bed; (2) at moderate bed temperatures
(from about 1100-1170 K), the volatiles are likely to burn only in
the bubbles; and (3) at high bed temperatures (greater than about
1170 K), combustion may occur within the bubbles and in the par-
ticulate phase of the bed. Many research focused on the modeling
of gas combustion in fluidized bed, and a summary of these math-
ematical models can be seen in Refs. [88,90,91].

One could imagine that the kinetics of the homogeneous com-
bustion and reforming reactions are well know, but this is not
the case. The reaction between the stable chemical species in-
volved in the homogeneous reaction are a complex combination
of several elementary reaction [88]. However, it is commonly as-
sumed that volatiles burn via the steps [67]:

{ Volatiles + 0, — CO + H,0 (24)

CO +0.50, — CO,

There is a great amount of work on the kinetics of these homo-
geneous reactions. Some authors have analyzed the difference in
the kinetics available in the literature, especially for the homoge-
neous oxidation of CO [88-92].

It would be improper to remove volatile effects when develop-
ing a model for combustion of solid particles. A particle combus-
tion model considering volatile effects was established by Li and
You [87] to provide solution to simulate combustion process of dif-
ferent kinds of particles. The results demonstrated that this model
has adequate accuracy and quite a shorter calculation time. Eslami
et al. [89] also employed a sequential model for coal volatile com-
bustion to predict the behavior of corresponding fluidized bed
reactors in coal gasification processes. It was shown that the model
can successfully predict coal’s volatile matter combustion behavior
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without any further need for solving coupled nonlinear differential
equations in an equation-oriented manner.

Turbulent non-premixed coal flames generated from volatiles
combustion undergo significant departures from chemical equilib-
rium through super-equilibrium radical concentrations, extinction
and sooting and some aspects of pollutant formation. One possible
route to include all these effects in turbulent flow calculations is
the laminar flamelet model [67,93,94]. In the flamelet model [95]
for the gas-phase volatile combustion of coal, local temperature
and major species concentrations were given by the mixture frac-
tion. This approach provided a way of incorporating finite rate
chemistry effects in turbulent coal volatile combustion modeling.
It was assumed that radius of curvature of the flame front is much
larger than its thickness and this allowed the analysis of flamelet
flow-field to be approximated by the boundary layer assumption.
Thus, the series of governing equations can be reduced into one-
dimensional form to solve for the temperature and concentrations
as a function of a single independent variable.

2.3. Physical process

2.3.1. Transportation of gas volatiles

Production of individual gas volatiles, such as CO, CO, and H,0,
were frequently ignored in the modeling. Kung [8] developed a
model considering a mixture of all gas volatiles, which was gained
by mass loss. Gas volatiles were regarded as flowing out the wood
slab immediately after their generation. Transportation of gas vol-
atiles inside the woods slab was ignored. Later, some models used
Darcy’s law to describe the gas transportation inside combustible
materials [96-100].

Neglecting contribution of the inert initially present in the pores
of the solid, the velocity and pressure of gas volatiles can be given
by Darcy’s law and the ideal gas law respectively [101]:

__yop
== (25)
_PRT

P=Tir (26)

Mean molecular weight of vapor/gas phase mixture can be gi-
ven as:

)

where Y; is the mass fraction of species i; M; is the molecular weight
of species i, kg/mol.

Henderson and Wiecek [102] considered a porous material to
calculate the mass flux of gas volatiles. The mass flux of gases,
11, was calculated using Darcy’s law in the following form:

o '))mg %

s = 7 1, pAXAA Ox (28)

And the pressure was calculated by the equation of state, that is:
_ mgRT

P= Mg pAxXAA (29)

Above equations described gas transportation inside solid phase.
Two properties were used in these equations, such as permeability
and porosity. These two properties are temperature dependent,
which will be introduced in the following sections.

2.3.2. Thermal shrinkage

Although many models [10,24,25,101,103-117] have described
volume shrinkage, no common agreement was addressed. Several
approaches used to describe volume shrinkage are concluded:

e The most frequently used approach is connected with other
properties, such as pore volume, mass conversion, etc. Di Blasi
[101] assumed that volume occupied by solid decrease linearly
with the wood mass and increase with the char mass by a
shrinkage factor. Shi and Chew [80,81] also considered that
wood shrinkage is connected with mass loss. Larfeldt et al.
[106] described shrinkakge of solid by including a relationship
in conservation equation. Shrinkage was envisaged to occur
with reduction or expansion of pore volume by Hastaoglu and
Berruti [103]. Volume of each cell at any time can be then eval-
uated. Bellais et al. [112] used radial and longitudinal shrinkage
coefficients to describe shrinkage of woods, which were calcu-
lated through interpolation by assuming that particle shrinks
linearly with an averaged conversion. Yang et al. [115]
described shrinkage by mass loss of solid to gas phase.

e The second approach is the data obtained by experiments. Has-
taoglu and Hassam [105] recorded a set of shrinkage data as a
function of time (conversion) and used them in the modeling.
Hagge and Bryden [108] used experimentally available data
for shrinkage factor in modeling.

e The third approach described relationship between shrinkage
and external heat flux. Bryden et al. [110] used a shrinkage fac-
tor dependent on external heat flux to describe shrinkage of
woods.

e The last one is the shrinking velocity. Lede [104] assumed a
shrinking velocity profile to describe the shrinkage of woods.

Shrinkage occurs in the char layers during the pyrolysis reac-
tions because of a rearrangement of chemical bounds and the coa-
lescence of graphite nuclei within the biomass particle [108].
Shrinkage factor is defined as [118]:

_ Lc - Lres
f B LO - Lres

(30)

where L. is the thickness of the charred sample, m; L, is the thick-
ness of the residue after the char was removed, m; and L, is the ori-
ginal thickness, m.

Tran and White [118] investigated shrinkage of woods under a
heat flux range between 15 and 55 kW/m?, shown in Table 6. Re-
sults showed that shrinkage factor increases with a higher heat
flux.

For polymers, it is difficult to find these kind of experimental
data. This may be because that polymers melt at high temperature
and go through irregular shrinkage or expansion.

2.3.3. Permeability

Air permeability of a porous material characterizes the capaci-
tance of this material to let such a fluid permeate under a total
pressure gradient [119]. Permeability is defined by Darcy’s equa-
tion, which is expressed as [120]:

y = m;:lzo,vol . .uL
AA - AP

where ), . is the volumetric flow rate of water of viscosity u
through a cross-sectional area AA and length L of cell water under
an applied osmotic pressure difference AP.

Three approaches were found in previous models to obtain tem-
perature-dependent permeability. The first approach is an empiri-
cal model. Henderson and Wiecek [23] developed a model to
describe permeability by mass loss and temperature, which was
expressed as:

1 9y aT aT

{ om
%E*IPUFE'F TC(l_F)E+m_OE

31

(32)

where F is the instantaneous mass fraction, which can be
obtained by (m — my)/(m, — my); ¥, and ¥, is coefficient of linear
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Table 6
Measured wood properties related to charring.

39

Species Flux (kW/m?) Shrinkage factor, f Char yield, y. Apparent, p. (kg/m?)
Redwood (Softwood, 312 kg/m?) 17.8 0.523 0.27 181
17.7 0.512 0.27 174
25.8 0.563 0.26 168
26.2 - - -
385 0.613 0.27 183
38.7 0.634 0.28 180
53.6 0.835 0.32 156
56.3 0.747 0.31 191
Southern pine (Softwood, 508 kg/m?) 174 0475 0.20 272
17.4 0.456 0.24 287
25.2 0.530 0.30 287
26.9 0.469 0.20 294
385 0.479 0.25 358
38.6 0.444 0.23 355
555 0.616 0.25 256
56.0 0.583 0.26 312
Red oak (Hardwood, 660 kg/m?) 17.8 0.547 0.25 327
18.7 0.567 0.26 328
25.0 0.559 0.24 317
25.8 0.564 0.25 333
37.8 0.625 0.25 360
384 0.606 0.25 345
53.1 0.753 0.27 256
53.6 0.705 0.31 312
Basswood (Hardwood, 420 kg/m?) 17.6 0.428 0.24 264
17.8 0.408 0.22 251
27.7 0.421 0.23 288
25.5 0.430 0.22 260
38.1 0.450 0.23 255
38.7 0.409 0.20 227
51.6 0.519 - -
534 0.523 0.23 239
Table 7
Average permeability of four kinds of woods.
Woods Position Permeable direction Average permeability (m?)
Pinus koralensis Sapwood Axial 8.66 x 107°
Tangential 7.60 x 10713
Radial 1.15 x 10712
Heartwood Axial 1.83x10°°
Tangential 383 x 107
Radial 2.87 x 10713
Larix dahurica Heartwood Axial 1.26 x 107°
Tangential 521 x 1071
Radial 6.80 x 1074
Populus davidiana Sapwood Tangential 0.83 x 1071°
Radial 531 x 107"
Heartwood Axial 298 x 1078
Tangential 1.08 x 10713
Radial 7.81 x 10714
Betula platyphylla Sapwood Tangential 494 x 107°
Radial 246 x 10712
Heartwood Tangential 4.02 x 10712
Radial 230 x 10712

permeability of virgin material and char, respectively, 1/K; and { is
decomposition permeability coefficient.

Another approach is interpolation between virgin materials and
char. Some part of virgin material change into char when pyrolysis
reaction is taking place. Permeability of the whole solid phase
changes when more char is producing. The whole permeability
may be dependent on percentages of virgin material and char. Per-
meability was then assumed to vary with composition of solid spe-
cies by Hagge and Bryden [108]:

P =0y, + (1 =m)ye 33)

where 7 is a reaction progress variable,

m

= (34)
Wood permeability was a physical property of anisotropy in differ-
ent grain directions. Wang et al. [121] measured average permeabil-
ity of four species of common woods, and the results are shown in
Table 7. Unfortunately, these data are only the average permeability
of woods under room temperature.

For the third approach, some researchers used permeability
coefficient to describe polymers’ ability of transporting gases.
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Table 8
Permeability coefficients and activation energy of permeation of polymers.

Polymer Permeant Temp. (°C) Pe x 10"3 Temp. range (°C) Pey x 107 E, (kJ/mol)

LDPE 0, 25 2.2 5-60 66.5 42.7
CO, 25 9.5 5-60 62.0 389
co 25 1.1 5-60 154 46.5
N, 25 0.73 5-60 329 49.4
H,0 25 68 10-90 48.4 33.5

HDPE 0, 25 0.30 5-60 0.423 35.1
CO, 25 0.27 5-60 0.0506 30.1
co 25 0.15 5-60 1.15 39.3
N, 25 0.11 5-60 0.991 39.7
H,0 25 9.0 - - -

PP N, 30 0.33 20-70 1280 55.7
0, 30 1.7 20-70 278 47.7
CO, 30 6.9 20-70 24.0 38.1
H,0 30 51.0 10-90 900 423

PS 0, 25 2.0 - - -
N, 25 0.59 - - -
CO, 25 7.9 - - -
H,0 25 840 - - -

PMMA 0, 34 0.116 - - -
H,0 23 480 - - -

PVC N, 25 0.0089 25-80 9380 69.0
0, 25 0.034 25-80 179 55.8
CO, 25 0.12 25-90 930 56.8
H,0 25 206 25-80 2.04 229

Permeability coefficient is not only a function of the chemical
structure of the polymer, it also varies with the morphology of
the polymer and depends on many physical factors such as density,
crystallinity, and orientation [122]. The permeability coefficient
can be expressed by:

_ omgl
Pe = AAAD (35)
where Pe is the permeability coefficient, cm® (273.15K;

1.013 x 10° Pa) cm/cm? s Pa.
Permeability coefficient of polymer is dependent on tempera-
ture, which can be represented by:

Pe = Pe, - exp (7 %) (36)

where Pe, is the pre-exponential factor, cm® (273.15K;
1.013 x 10° Pa) cm/cm? s Pa; E, is the activation energy of perme-
ation, kJ/mol;

Table 8 shows a summary of permeability coefficient of poly-
mers [122]. Usage of these data in describing fire processes may
be limited because of small applicable temperature ranges.

Among above approaches, empirical model may be the best
one to gain temperature dependent permeability. However, the
above empirical model seems to be a little complicated as there
are too many input variables which are needed to be gained
from experiments. It is expected that a simpler empirical model
can be developed in future work. The approach of interpolation
may be limited as the permeability may not be accurately fol-
lowed by percentages of virgin material and char. And applica-
tions of permeability coefficients for polymers may be restricted
in describing fire processes because of small applicable temper-
ature ranges.

2.3.4. Water evaporation

Our previous studies showed that water has influence on sev-
eral fire behaviors, such as ignition time [123,124], CO production
[77], etc. There are two kinds of water in woods: bond water and
free water. Fiber saturation point has been defined as the moisture
content at which cell walls are saturated with bound water with no

free water in the lumens [125]. The fiber saturation point was gi-
ven by [126]:
X = Max(X®

sat

+0.298 — 0.001T, 0.2) (37)

where X, is the moisture content at fiber saturation point at ambi-
ent temperature, which is about 0.3 for most wood species; and T is
temperature in °C.

Water absorption at saturation of polymers is much smaller
than that woods. Table 9 shows a summary of water absorption
at saturation of polymers [127]. Some polymer showed a range
of data in this table as they were obtained from different sources.
It is noticed that most of the data is less than 0.01. Water absorp-
tion at saturation of some polymers are much higher, such as PA
6, PA 66, PBT. Starzhenetskaya and Davydova [128] established
quantitative parameters of reversibility of the sorption-desorp-
tion process and diversity of the states of water sorbed. Results
showed that water in the polymers was in free and loosely bound
states. So the water inside polymers may be considered as free
water.

Water evaporation of materials can be expressed by Arrhe-
nius equation. This can be treated as a heterogeneous reaction
[129]:

OCepap _ E
—ar = A-exp <f ﬁ> CH,0 (38)

Table 9
A summary of water absorption at saturation of polymers.

Materials Water absorption at saturation
PMMA 0.003-0.022
PE 0.001

PS 0-0.042

ABS 0.003-0.01

PC 0.0015-0.0037
pPVC 0.004

PET 0.004-0.005
PBT 0.0008-0.078
PA 6 0.05-0.10

PA 66 0.07-0.09

PP 0.0001
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Bryden et al. [110] considered 95 °C as evaporation start tem-
perature. It was suggested that evaporation process happens when
temperature is higher than 95 °C. This model also used an Arrhe-
nius type expression, which was given as:

. kevﬂ
Moisture % water vapor (39)
where

{m;gzoo, T<95°C
. (40)
10 = kpp, T>95°C

where p,, is the density of mixture, kg/m>. It was suggested that ki-
netic parameters of A=5.13 x 10 s~ and E = 88 kj/mol.

Sand et al. [126] calculated the rate of water evaporation in so-
lid materials as:

. C T-T

where Ty, is temperature at fiber saturation point, typically
373.15 K, however this is only true for free boiling water and the
physical structure of the wood will induce an increase of the satu-
ration temperature.

In Eq. (41), Aheyqp is influenced by whether material has
achieved fiber saturation point or not. Heat of evaporation of free
liquid water and heat of desorption were respectively given as fol-
lows [126]:

Ah; =3.179 x 10° — 2.5 x 10°(T — 273.15) (42)
ARgesory = 1.176 x 10° exp(—15.0Xpound) (43)

If moisture content is higher than that at fiber saturation point,
only the free water vaporizes. Otherwise, energy consumed must
contain the energy of changing bound water into free water, and
energy for vaporizing this free water. So it is considered that the
evaporative heat of water considering fiber saturation point as a

turning point [126]:
{ Ahevap = Ahh X = Xsat (44)
Ahevap = Ahl + Ahdesmpy X< Xsat

The rate of water evaporation under different moisture content can
be given by:

Cpt 0 (T—Tsar1)
_ SpHy0 satl
kevap - (Ah)At ) X = Xsat (45)
k _ Gory0(T=Tsat bound) X <X
evap = = (Ahj+Ahgegor, )AL sat

Above models have described water evaporation of free water and
bound water inside woods. And evaporative heat of water can be
calculated when moisture content is higher or less than fiber satu-
ration point. Starzhenetskaya and Davydova [128] found that the
water in polymers can be assumed as free water by experiments.
So water evaporation process of polymers is similar to the woods
with free water. Arrhenius equation can describe water evaporation
inside woods and polymers well.

2.3.5. Thermal expansion

Although a large number of models [23,130-146] have consid-
ered thermal expansion, no common agreement was found. Several
approaches were used to describe thermal expansion of polymers:

e The first approach is connected with other properties. Stagges
[131] determined net volume change by production rate of
gas volatiles within the slice and difference between inflow
and outflow rates of gas volatiles. Feih et al. [133,134,136]
considered thermal expansion as a function of temperature
based on experimental results. Anderson and Wauters [137]

Table 10
The coefficient of linear thermal expansion.

Name Density (kg/m®)  Coefficient of linear thermal expansion (1/K)
PMMA 1180 7.2 x107°

PS 1040 5.7 x107°

HDPE 967 231 x107%

LDPE 920 2.70 x 107

PTFE 2189 1.27 x 107* (25-60 °C)

Cellulose - 7.5 x 107° (25-50 °C)

- 5.2 x 1075 (~10 to 25 °C)

simulated the pyrolysis and combustion processes of coating
by assuming expansion as a function of mass loss. Henderson
et al. [23,139] expressed expansion by using a modified
Lagrangian control system, in which the control volume was a
function of temperature and time.

e The second approach is coefficient. Sullivan and Salamon [130]
used a defined coefficient to describe expansion. This coefficient
is also used to calculate thermal strains and stress.

e The last approach is empirical model. Di Blasi [145] introduced
an empirical parameter of expansion factor but limit the maxi-
mum volume expansion.

Thermal expansion is a tendency of matter to change in volume
in response to a change in temperature. Rate of length change of
the solid materials was calculated by Henderson and Wiecek [102]:
o= BuFo (1 - S L O (46)
where f,and . is the coefficient of linear expansion of virgin mate-
rial and char, respectively, 1/K; F is the instantaneous mass fraction,
which can be obtained by (m — my)/(m, — my); and 7 is the decom-
position expansion factor.

The first and second terms on the right-hand side of Eq. (46)
represent the thermal expansion/contraction of the virgin and char
components, respectively. Each term is weighted by instantaneous
mass fraction. Expansion due to pyrolysis of the solid material is gi-
ven by the last term on the right.

Klason et al. [147] assumed a linear dependence of thickness on
the temperature, which was expressed by:

oL
5=
where f is the coefficient of thermal expansion, which can be ob-
tained by experiments, shown in Table 10.

Murthy and Rani Rao [148] investigated linear thermal expan-
sion coefficient (B) in a temperature range of 20-200 °C by using
a two-terminal capacitance technique. Linear thermal expansion

p-L (47)

Table 11
Linear thermal expansion coefficient of polymers dependent on temperature.

Temperature (K) Polyester (f x 10°) PE (f x 10°) PTFE (B x 10°)
313 9.2 7.0 -
323 10.0 7.0 4.7
333 10.0 133 4.7
343 10.0 133 4.7
353 104 14.9 4.7
363 109 15.9 4.7
373 14.9 21.0 10.2
383 16.2 371 123
393 19.8 78.6 13.6
403 24.7 78.2 333
413 393 1449 45.7
423 65.2 395.5 53.9
433 775 814.0 67.0
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coefficients of polymers at different temperature are shown in
Table 11.

To describe thermal expansion, Henderson and Wiecek’s model
[102] is a complicated one as there are many input variables which
are needed to be gained from experiments. Models by Klason et al.
[147] and Murthy and Rani Rao [148] are simpler. Measurement of
temperature dependent linear thermal expansion coefficient were
taken by Murthy and Rani Rao [148]. However, the measurements
only focused on three polymers, and more experiments on other
polymers are expected in future work.

2.3.6. Porosity

Porosity is a fraction of the volume of voids over the total vol-
ume, which is between 0 and 1. The porosity of woods can be esti-
mated by [149]:

6=1- e (48)
theor

where pg,. is average apparent density of the woods; and p¢peor is a
theoretical density of compact solid wood free from voids, which is
usually assumed to be 1500 kg/m>.

De Souza Costa and Sandberg [150] also considered that woods’
porosity was moisture dependent, and the porosity of wood and
char were estimated by:

o Py
b0=1-Ts50 135 x° X<03 (49)
Pe
c=1-Le 50
) oc (50)

where pc is the density of carbon, which is usually assumed to be
1957 kg/m>. These two equations indicate that low-density wood
has a higher porosity than high-density wood, and lower moisture
content wood has a higher porosity.

No empirical model has been found to calculate porosity of
polymer by density. Henderson and Wiecek [23] used interpolated
values between char and virgin polymer to describe the whole
porosity. Moreover, Florio et al. [139] assumed that porosity of
polymers was dependent on mass loss, which was expressed by:

109p o om

where ¢ is decomposition porosity coefficient.

Fig. 4. Fire processes of woods under external heat flux.

From above models, it is noticed that porosity of woods can be
simply described by their densities. However, few models have
been found to describe the porosity of polymers.

2.3.7. Tension and compression

Although previous models [20,133,134,136,151-153] have
investigated tension and compression of materials under both
heating and loading, applications are still limited as the investiga-
tions only focused on composites. Few one-dimensional models
have been used to simulate mechanical behaviors of pure polymers
and woods.

Mouritz and Mathys [154] formulated a two-layer model based
on rule-of-mixtures to predict the residual tension of polymer lam-
inates following fire. Later, this model was used to predict the
time-to-failure of laminate subjected to combined tension loading
and one-side heating by Feih et al. [152]. This model assumed that
laminate can be treated as a two-layer material: char layer nearest
to heated surface and virgin layer on the other side. Tension
through two layers was assumed as constant, which was expressed
by:

(Lo —L. L.
07< Iy >0'0+<L—0>O'C (52)

Fig. 3. Cross-sectional view of the fire-damaged laminate.
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Table 12
A summary of considerations in previous one-dimensional models for woods.
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Models Year Material Heat Pyrolysis Gas Volume Internal  Water Permeability Porosity Mechanical
conduction volatiles change gas evaporation behaviors
pressure

Hadvig and Paulsen [158] 1965 Wood . . .
Tinney [7] 1965 Wood . . .
Panton and Rittmann [159] 1971 Organic solid e . .
Kung [8] 1972 Wood . . .
Kansa et al. [28] 1977 Wood . . . . . .
White and Schaffer [26] 1978 Wood . . .
Chan et al. [42] 1985 Biomass . . . . . . .
Parker [25] 1986 Wood . . . . .
Sibulkin [160] 1986 Charring . . .

material
Capart et al. [161] 1988 Wood . . .
Alves and Figueiredo [24] 1989 Wood . . . . . . .
Hastaoglu et al. [103] 1989 Wood . . . . . .
Koufopanos et al. [162] 1991 Biomass . . .
Aerts and Ragland [10] 1990 Wood . . . . . . .
Fredlund [163] 1993 Wood . . . . . .
Shrestha et al. [164] 1994 Wood . . .
Wagenaar et al. [165] 1994 Biomass . . . .
Lede [104] 1994 Biomass . . . . .
Di Blasi [13,166] 1994 Cellulose . . . . . .
Hastaoglu and Hassam [105] 1994 Wood . . . . . .
Saastamoinen et al. [167] 1996 Biomass . . . . .
Ahuja et al. [168] 1996 Wood . . .
Di Blasi [101] 1996 Biomass . . . . . . .
Bilbao et al. [169] 1996 Wood . . . .
Moghtaderi et al. [15] 1997 Wood . . .
Mogheaderi et al. [170] 1998 Wood . . . . . .
Jiaetal. [171] 1999 Charring . . .

material
Larfeldt et al. [106] 2000 Wood . . . . . . .
Janse et al. [172] 2000 Wood . . . . .
Gronli and Melaaen [173] 2000 Wood . . . . . . .
Spearpoint and Quintiere [174] 2000 Wood . . . . .
Peters and Bruch [129,175] 2001 Wood . . . . .
Mousques et al. [176] 2001 Wood . . . . . .
Di Blasi [107] 2002 Wood . . . . . .
Hagge and Bryden [108] 2002 Biomass . . . . . . . .
Klose and Schinkel [109] 2002 Wood . . . .
Bryden et al. [110] 2002 Wood . . . . . . . .
Bruch et al. [111] 2003 Wood . . . . . . . .
Babu and Chaurasia [17,177-179] 2003 Wood . . . . . .
Bellais et al. [112,180] 2003 Wood . . . . .
Janssens [181] 2004 Wood . . . . . .
Galgano and Di Blasi [113] 2004 Wood . . . . .
Theuns et al. [114,182] 2005 Charring . . . .

material
Shen et al. [183] 2007 Wood . . . .
Yang et al. [115] 2007 Waste . . . . . . .
Vijeu et al. [99] 2008 Wood . . . . . . .
Sadhukhan et al. [116,184] 2008 Biomass . . . . .
Craft et al. [185] 2008 Wood frame . . . . . . .
Larfeldt et al. [117] 2008 Wood . . . . . . . .
Ratte et al. [97] 2009 Wood . . . . . . .
Lautenberger and Fernandez- 2009 Wood . . . . . . .

pello [98]

Grieco and Baldi [186] 2011 Wood . . . . .
Dufour et al. [187] 2011 Biomass . . . . .
He and Behrendt [76] 2011 Biomass . . . . . .
Shi and Chew [80,81] 2012 Wood . . . . . .

where ¢, is the tension of char, which is assume to be negligible
based on experimental strength measurements.

Many models [20,130,133,134,136,151-153] have described
compression of combustible materials under external heat flux
and loading. A semi-empirical model describing relationship be-
tween compression and temperature was developed by Gibson
et al. [133,151]:

_ |90t 0 90t anp

a(T) 5 3

(@(T = Ty)) |R(T)" (53)

where @ is a material constant describing temperature range over
which compression is reduced during thermal softening process;
0 is the strength remaining at the room temperature value until
the laminate is heated to critical softening temperature, which
can be calculated using laminate theory or measured; o5, T, and
@ must be fitted to an elevated temperature compression test data
of the laminate; R(T) is a scaling function to account for mass loss
due to pyrolysis of the polymer matrix; and the exponent n is an
empirical value. When n =0 it is assumed that the decomposition
has no effect on the compressive strength. And when n=1 it is
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Fig. 5. Fire processes of non-charring polymers under external heat flux.

assumed that a linear relationship exists between mass loss and
strength loss.

After temperature profile through a laminate has been calcu-
lated using thermal equation, residual compression is calculated
at a number of locations in the through-thickness direction using
Eq. (53). The bulk compression is then determined by integrating
these values over the thickness of the laminate using the Simpson
integration technique with m intervals, where m must be an even
number [133]. And the compression can be given as [133,151]:

/L o(x)dx = 3L [0(X0) +40(x1) +20(X2) + ...+ 20(Xn_2)
0 m

+406(Xn-1) + 0(xn)]
] L
Oave = I /0 o(x)dx

Compressive failure is assumed to occur once average compres-
sion is reduced to the compressive stress applied to the laminate.
The time taken for the strength to reach the applied compression
is taken to be the time-to-failure.

Temperature-dependent Young’s modulus was used to calcu-
late tension or compression of materials under heating and load-
ing, which was given by [19,134]:

(54)

(55)

(56)

Table 13
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where E is the modulus at ambient temperature; Ty is the elevated
temperature at which the Young’s modulus vanishes. The power
law index m can be taken between 0 and 1. The extreme case
m =0 represents no degradation, and m = 1 linear degradation with
temperature.

2.4. Failure process

Serious concern was raised about failure of combustible materi-
als under both heating and loading in recent years. Fire-included
damage experienced by laminates includes matrix decomposition,
pore formation, delamination cracking, matrix cracking, fiber-
matrix debounding, and char formation, shown in Fig. 3 [6].
Modeling is the simplest and low-cost way for the prediction of
structure failure [11,133,152,155].

Experiments by Elmughrabi et al. [156] showed that fire reac-
tion properties, heat release rate and smoke production, and
time-to-ignition were affected by external loading. So modeling
of combustible materials may be different when combustible
materials are positioned under both heating and loading. An inte-
grated model which can describe fire processes of combustible
materials under external heat flux and loading is critically needed.

Fire-induced damage to composite structures is difficult to sim-
ulated accurately because it is dependent on many parameters,
with the main factors being the temperature and duration of the
fire; the volumetric dilations and toughness properties of the
material at high temperature; and the type and magnitude of
external loading (including the boundary conditions) [6]. And ab-
sence of experimental data or empirical model in these aspects
hampers modeling accuracy of failure process.

3. Typical models for combustible materials
3.1. Woods

Woods are the most frequently used combustible materials in
one-dimensional modeling. They can be classified into hardwoods
and softwoods, which have different percentages of cellulose,
hemicelluloses and lignin. These three components have quite dif-
ferent thermal pyrolysis characteristics. Experiments showed that
these components decompose to release volatiles over different
temperature ranges [1]. Cellulose is from 240 to 350 °C, hemicellu-
loses is from 200 to 260 °C, and lignin is from 280 to 500 °C.

Solid phase of woods under external heat flux can be divided
into three layers. The upper, middle and bottom layers are char
layer, pyrolysis layer and virgin wood, respectively. Char front is

A summary of considerations in previous one-dimensional models for non-charring polymers.

Models Year Material Heat Pyrolysis Gas Volume Internal Water Permeability Porosity Mechanical
conduction volatiles change gas evaporation behaviors
pressure
Di Blasi et al. [188,189] 1991 PMMA . . . .
Quintiere and Igbal [190] 1994 PMMA . . .
Di Blasi [191] 1996 PMMA . . .
Moghtaderi et al. [15] 1997 PMMA . . .
Staggs [192,193] 1999 PMMA, PE . . . .
Di Blasi [2] 1999 PE . . . .
Bourbigot et al. [141] 1999 PP . . . . . . .
Zhou and Fernandez-Pello [143] 2000 PP . . . .
Zhou et al. [194] 2002 PMMA . . .
Esfahani and Kashani [195] 2006 PMMA . . . .
Rein and Bal [196,197] 2008 PMMA . . .
Stoliarov et al. [48] 2009 PMMA, HIPS, e . . . . . .
HDPE
Lautenberger and Fernandez-Pello 2009 PMMA . . . . . . . .
[21,135]
Chaos et al. [198] 2011 PMMA . . . .
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Fig. 6. Fire processes of charring polymers under external heat flux.

defined as the transition between the char layer, a zone of cracked
charcoal that has no relevant strength or stiffness properties, and
the pyrolysis layer, the zone where thermal degradation of wood
and char formation are actually occurring. This transition is usually
considered to be located at the 300 °C isotherm, named the char-
line [157].

When external heat flux affects the woods’ surface, parts of heat
are reflected to the air by radiation. This radiation heat is depen-
dent on surface emissivity of woods, and surface and ambient tem-
peratures. Part of heat goes straight into wood slab which can be
expressed by thermal conductivity. There also exists convective
heat between wood’s surface and surrounding air. In pyrolysis
layer, water evaporation, pyrolysis reactions and production of
gas volatiles occur. During water evaporation process, bound water
first changes into free water after absorbing heat. The water vapor
is then produced by vaporization of free water. Vapor and gas vol-
atiles exhaust through pores, which can be expressed by Darcy’s
law. Fire processes of woods under external heat flux are shown
in Fig. 4.

Table 12 shows a summary of considerations of fire processes in
previous one-dimensional models. It is known that almost all of
the models have considered heat conduction, pyrolysis reaction
and production of gas volatiles. However, modeling of some fire
processes, such as shrinkage, internal gas pressure, water evapora-
tion, properties of permeability and porosity, and mechanical
behaviors, are less considered in previous models.

Table 14

A summary of considerations in previous one-dimensional models for charring polymers.

3.2. Non-charring polymers

Non-charring polymers burn out with no or very few residue.
Their fire processes are similar to the woods, which is shown in
Fig. 5. Solid phase of non-charring polymers can be divided into
two layers. The upper layer is pyrolysis layer, in which pyrolysis
reactions occur. Gas volatiles and vapor are produced in this layer.
These gas volatiles exhaust to the air through pyrolysis layer
through surface. During this process, mass flux of gas volatiles is
determined by several properties, such as permeability, porosity,
internal pressure, etc. The bottom layer is virgin polymer. Non-
charring polymers burn away completely leaving no or very few
residue, which can be modeled using theory similar to flammable
liquids [5].

Table 13 shows a summary of considerations in previous one-
dimensional modeling for non-charring polymers. It is noticed that
consideration of some fire processes, such as internal gas pressure,
water evaporation, properties of permeability and porosity, are less
taken in previous models. Based on reviewed papers, no model has
been found to describe mechanical behaviors of non-charring poly-
mers under both heating and loading.

3.3. Charring polymers

As commonly used in buildings, charring polymers attracted so
much attention from researchers and engineers. Fire processes of
charring polymers during external heat flux are shown in Fig. 6.
Although fire processes are similar to woods, damages will be
much serious because of large amount of toxic gas volatiles can
be produced. The prediction of toxic gas volatiles are significant
as they behave as depending conditions in fire risk evaluation of
buildings.

Table 14 shows a summary of considerations in previous
one-dimensional models for charring polymers. It is noticed from
previous models that most of the investigated polymers are intu-
mescent polymers. In this section, some sandwich panels are con-
sidered to be classified into charring polymers as one layers of the
sandwich panels are wood or cardboard, even though the other
layers are intumescent polymers. Fire processes of these polymer
sandwich are much complicated as materials from different layers
will be affected by each other.

3.4. Intumescent polymers

When exposed to flame, intumescent polymers undergo several
reactions which can be characterized as [146]: (i) melting - poly-
mer matrix melts and degrades to form a viscous fluid. Commercial
coatings may also include a fire-retardant component which

Models Year  Material Heat Pyrolysis  Gas Volume Internal Water Permeability Porosity Mechanical
conduction volatiles change gas evaporation behaviors
pressure

Di Blasi [199] 1997 Waste . . . . .

Krysl et al. [200] 2004 Polymer . . .
sandwich

Gu and Asaro [19,134] 2005 Polymer . . . .
sandwich

Salvador et al. [201] 2008 Cardboard e . . . . . .
and PE

Lautenberger and 2009 Charring . . . . . . . .

Fernandez-Pello [21,135] material

Galgano et al. [96] 2010 Polymer . . . . . . .
sandwich

Luo et al. [136] 2011 Polymer . . . . . .

sandwich
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Fig. 7. Fire processes of intumescent polymers under external heat flux.

degrades during this stage; (ii) intumescence — components within
the coating decomposes to produce large amounts of gas of which
some fraction is trapped within the molten matrix; (iii) char for-
mation - the molten fluid hardens and releases residual volatile
components, and (iv) char degradation - the char layer oxidizes
or pyrolyzes leaving only an inert, porous matrix. Fire processes
of intumescent polymers under external heat flux are shows in
Fig. 7. Solid phase of intumescent polymers can be divided into
three layers: char layer, expanding layer and virgin polymer.

Table 15 shows a summary of considerations in previous one-
dimensional models for intumescent polymers. It is noticed that
all of the models have considered heat conduction, pyrolysis reac-
tion, production of gas volatiles and expansion. Based on reviewed
papers, however, very few models have been found considered
mechanical behaviors when intumescent polymers were posi-
tioned under heating and loading. Modeling of mechanical behav-
iors of intumescent polymers are very complicated because of
irregular expansions.

Table 15
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4. Conclusions

This paper presents a critical review of fire processes modeling
of combustible materials under external heat flux, including
woods, non-charring polymers, charring polymers and intumes-
cent polymers. To improve modeling accuracy and expand applica-
tion fields, several aspects are needed to be noticed in future work:

(1) Although thermal, chemical and physical processes was
often included in one-dimensional modeling, attentions are
needed to be paid on prediction of toxic gases. Many models
have considered gas volatiles, but description usually
focused on the production of a mixture of gas volatiles. Indi-
vidual gas volatiles, such as CO, CO,, H,0, are needed to be
investigated. Transportation of gas volatiles inside solid
phase were sometimes ignored. To improve modeling accu-
racy, several considerations such as volume change, water
evaporation, internal gas pressure, and temperature depen-
dent thermal properties are needed to be taken.

(2) Statistics shows a relative lack of studies on mechanical
behaviors of woods, non-charring and intumescent poly-
mers. As a popular structure material, woods have rarely
been studied on modeling of mechanical behaviors.
Although non-charring and intumescent polymers are less
used as structure elements, thermal properties and other fire
behaviors would be different under loading. And decorative
materials made by these polymers may have influence on
fire structure. Some models have considered mechanical
behavior of charring polymers, but modeling accuracy and
applications are affected because of limited empirical mod-
els or experimental data.

(3) Experimental data and empirical models are needed to
describe fire processes of combustible materials. Although
Arrhenius equation was largely used to describe pyrolysis
reactions and water evaporation, applications are limited
because of limited experimental data of describing produc-
tion of gas volatiles and water evaporation process. Thermal

A summary of considerations in previous one-dimensional models for intumescent polymers.

Models Year Material Heat Pyrolysis Gas Volume Internal Water Permeability Porosity Mechanical
conduction volatiles change gas evaporation behaviors
pressure
Anderson et al. [137,202] 1984 Coating . . . .
Buckmaster et al. [138] 1986 Coating . . . .
Henderson and Wiecek [23,102] 1987 H4N . . . . . . .
Florio et al. [139] 1991 Hy4N . . . . . . .
Looyeh et al. [203] 1997 GRP panel . . .
Shih et al. [140] 1998 Coating . . . . . . .
Dodds et al. [204] 2000 GRP panel . . .
Bhargava et al. [142] 2000 Epoxy . . .
composite
Stagges [131,208,209] 2000 PVC . . . . . . .
Di Blasi and Branca [144] 2001 Coating . . . . . .
Di Blasi [145] 2004 Coating . . . . . .
Gibson et al. [151] 2006 Polyester/E- . . . .
glass
Bahramian et al. [132] 2006 Phenolic resin o . . . . .
Trelles and Lattimer [205] 2007 Phenolic . . .
composite
Feih et al. [20,133,152] 2007 Vinyl ester . . . . .
Bai et al. [153,206] 2008 FRP . . . . .
Farkas et al. [207] 2008 Epoxy resin . . . . . .
Lautenberger and Fernandez-Pello 2009 Coating . . . . . . . .
[21,135]
Griffin [146] 2010 Coating . . . . . .
Stoliarov et al. [4] 2010 PC, PVC . . . . . . .
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properties in some previous models are considered temper-
ature independent. To improve the modeling accuracy,
experimental data for temperature dependent thermal prop-
erties are critically important.

Integrated model which can describe all four fire processes for
different species of combustible materials is significant to improve
modeling accuracy and expand application fields of complicated
fire. An integrated one-dimensional model with high modeling
accuracy will be an impulsive force to two- and three-dimensional
modeling of building fires.
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