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The single biggest market barriers of building materials is their fire risks, suffering from easily burning and
generating a large amount of smoke and toxic gases. Fire behaviors of typical charring materials, including
timber (Cherry) and polymer (acrylonitrile butadiene styrene, ABS), were investigated both experimen-
tally and numerically. The proposed numerical model has considered both solid (the area inside sample
slab) and gas (the area above sample surface) phases, addressing some previously usually-ignored fire
processes, such as water evaporation, gases and liquids transportation inside solids, and volume change.
Numerical results of timber and polymer were validated by cone calorimeter experiments. From both
experimental and numerical results, three different stages of mass loss rate histories of charring materials
were observed under external heat flux. In the gas phase, three high temperature areas were observed:
two are near the walls of the two heaters due to the convection heat transfer; and one represents dif-
fusion flame above sample surface, in which temperature increases with the intensity of external heat
flux. This study provides not only an attempt to combine both solid and gas phases modeling for building
materials, but also a platform for fire behavior modeling. Future research will focus on the validation of
gas phase modeling and implementation of flame radiation.
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1. Introduction their fire risks, suffering from easily burning and generating a large

amount of smoke and toxic gases [4,5].

Charring materials such as timber and polymer have attracted
great attention because of the increasing demands as construction
materials in buildings. Timber as a traditional material has been
widely used for numerous applications in construction sector, such
as framing, flooring, roofing and lining [1]. In Australia, it is the
most commonly used material for structural frames and one of
the two common types of floor design besides concrete [2]. Acry-
lonitrile butadiene styrene (ABS) is also an important engineering
copolymer because of its superior mechanical properties, chemi-
cal resistance, ease of processing, and recyclability, with various
applications in buildings and relevant constructions, such as per-
sonal care products, computer equipment and interior components
[3]. The single biggest market barriers of these building materials is
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Understanding the thermal and chemical impacts of burning
energetic materials in both normal use and accidental scenarios is
becoming increasingly relevant [6]. Fire behaviors of these charring
materials are generally complicated and involves a mix of chemical,
physical and mechanical processes (such as volume change [7,8]).
A recent review has addressed four main fire processes involved
in fire development of charring materials, including thermal, phys-
ical, chemical and failure processes [9]. It is obtained that some
fire processes (i.e. water evaporation, gas and liquid transportation
inside solid materials, and volume change) are usually ignored dur-
ing previous studies, and less studies have been focused on the fire
behavior modeling of some complicated charring polymers. Fig. 1
shows the main fire processes of charring materials under external
heat flux.

Numerical modeling has been frequently used to evaluate build-
ing designs, but fire source modeling is still a challenge in term
of modeling accuracy and flexibility. For example, time square
increasing fire (sometimes even constant fire source) is usually
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Nomenclature

A Pre-exponential frequency factor (s 1)
AH Heat of reaction (J/kg)

Specific heat capacity (JkgK=1)
Production or reaction rate (kgm?3s—1)
Diffusivity coefficient (m2s-1)
Emissivity of materials (-)

Activation energy (Jmol~1)

Thermal conductivity (WmK-1)

Heat transfer coefficient (WmK-1)
Dynamic viscosity (Pas)

Specific enthalpy of materials (J)
Viscosity, stoichiometric coefficient
Reaction rate constant (s=1)

Density (kg m3)

Thickness (m)

Stefan-Boltzmann constant (W m2 K—4)
Mass flux (kgm?s—1)

Porosity (-)

Molecular weight (kg mol~1)

Order of reaction (—)
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Subscript and superscript

N Number of species

0 Initial or ambient condition
P Pressure (Pa)

B Bottom boundary

q Heat flux (W m?)

cond Conductivity

Q Heat of reaction (W m?3)

conv Convection process

R Universal gas constant (Jmol~1K-1)
ext External

t Time (s)

ex Term at the exit

T Absolute temperature (K)

fuel General designation of gases volatiles
u, v Velocity (ms—1)

g Gas phase, gas species

X,y Cartesian coordinate (m)

1 Liquid water

X Moisture content (—)

loss Loss

Y Mass fraction (—)

pyr Pyrolysis process

rad Radiation process

Greek letters

reac Reaction process

y Permeability (m?)

S Solid phase, solid species

K Absorption coefficient (m~1)
sur Surface

A Change in variable value ()
theor  Theoretical value

assumed for the related building designs and evaluation [10]. This
assumption shows a good prediction of overall fire behavior for sin-
gle compartment, but the difference is quite obvious for single item,
such as furniture. Therefore, many studies have been focused on the
improvement of fire source modelling. The major achievements of
previously developed numerical models are: (i) one-dimensional
modeling of the single solid phase, including homogeneous and

Fig. 1. Fire processes of charring materials under external heat flux.

heterogeneous pyrolysis reactions of virgin timber [11,12], non-
charring polymers [13,14], charring polymers [15,16], as well as
few intumescent polymers [17]; (ii) ability to model more than one
type of solids (Gpyro [ 18] and ThermaKin [19]); and (iii) prediction
of transport rates of gas volatiles away from the solid phase.

However, it is still a challenge to develop a numerical model
that can simulate both solid and gas phases. Almost all previous
studies in the area of pyrolysis modeling have focuses on single
solid phase, leaving the gap on combining both phases. Another
challenge is that there is no common agreement on some of the
fire processes. For example, many models have considered volume
change under external radiation, but no common agreement exists
about its description or influences. Descriptions of volume change
in previous numerical models were linked with pore volume [20],
mass conversion [21,22], volume change factor [23-26], experi-
mental data[27-30], production rate of gas volatiles [31], shrinkage
factor [32], or shrinkage velocity profile [26].

Several aspects must be considered to improve the modelling
accuracy, such as internal gas pressure and other important physi-
cal processes. This is even mandatory when the solid and gas phases
modelling are combined. Accurate description of some physical
processes, such as evaporation, is also critical to the numeri-
cal modelling [33]. For example, although gas species can hardly
pass through polymer slab under normal condition, volatiles can
exhaust from solid slab under irradiance [34]. The reason is the
development of melted polymer and/or char layers. Internal gas
pressure is important to descript the liquid and gas transportation
inside the solid phase, which is also affected by the some of the
parameters, such as permeability and porosity.

Some fire processes in previous studies have either not been
previously considered at all, or have not been considered simul-
taneously. Very few numerical models have considered gas phase
(diffusion flame modeling). Acombination of integrated solid phase
modeling and gas phase is critically important. Numerical meth-
ods for gas phase modeling are quite mature [35], but the relevant
studies on solid phase modeling are relatively less investigated.
This is partly because of the difficult-to-described fire processes
encountered in numerical modeling. For example, there is still fac-
ing difficulty in describing some processes under fire conditions,
such as gas and liquid transportation inside the solid slabs [36,37].
In addition, for previous models, one-dimensional modelling was
usually utilized as it is enough to describe the processes in the sold
phase when the edges and bottom are covered for insulation [9].
Another reason is because the three-dimensional model can expe-
rience very long CPU calculation time [38], which is not the level
for practical applications under current computing resources.

Therefore, to improve fire source modeling, fire behaviors of
charring materials frequently used in buildings were investigated
in both solid and gas phases both experimentally and numeri-
cally, considering some important processes such as melting of
solid, water evaporation, volume change and internal gas and lig-
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uid transportation. In addition, the present study offers extended
experimental validation of the model against full combustion his-
tory of burning samples. It provides not only an attempt to combine
both solid and gas phases modeling of building materials, but also
a platform for building fire modeling.

2. Experimental set-up

The left part in Fig. 2 shows experimental set-up of cone
calorimeter. During experiments, cone calorimeter was positioned
under a bigger hood and the volume extraction rate was keeping at
24 L/s. The volume extraction provides a forced convection driven
flow under the cone calorimeter. The cone heater, located above
the sample surface, provides constant heat flux on the sample sur-
face. External heat fluxes were chosen to represent low, middle and
high radiation, represented by heat fluxes of 25, 50 and 75 kW/m?,
respectively.

The edge and bottom of all of tested samples were covered by
insulation materials, following the ISO 5660-1 [39]. After that, sam-
ple was put in horizontal orientation on specimen holder. Spark
plug was not used during whole experimental time, and autoigni-
tion of the samples was considered to occur when visible flame
was first observed. All the experiments were stopped when the
flame was extinguished. Each experiment was repeated at least two
times, with more runs taken if the repeatability was not good. More
details of the experiments can be found in References [40,41].

3. Mathematical model
3.1. Major assumptions

The major features and equations are briefly introduced here,
and further details can be seen in our previous studies [42,43]. The
major features of the proposed model include: (i) it models both
the gas phase (the area above the sample surface) and solid phase
(the area inside the sample slab); (ii) consideration of three types of
transformations, including physical/mechanical processes, as well
as heterogeneous and homogeneous chemical reactions, makes it
capable of describing water evaporation, solid melting, and pyroly-
sis and oxidation reactions; and (iii) consideration of permeability
and porosity makes it capable of simulating liquid and gas trans-
portation processes inside the solid phase.

Schematic of a computational domain is shown in the right
part of Fig. 2. Several assumptions were adopted for this model:
(i) solid phase was considered as one-dimensional, and the gas
phase as two-dimensional, which are due to the predominant (nor-
mal) direction of heat transfer in the solid phase and simplicity
of equivalent cross-sectional areas in the gas phase, respectively;
(ii) homogeneous reactions in the solid phase were ignored, which
were considered in the gas phase only; (iii) all gas species have
the same thermal properties. Gas species in the solid phase were
assumed to be ideal gases, and gas species in the gas phase were
treated as incompressible ideal gas; (iv) the influences of the
changed sample thickness on the gas phase combustion processes
was ignored, which is because the changed sample thickness has
limited influence on chemical reactions happened in the gas phase;
(v) failure processes such as cracking were ignored due to the com-
plexity; and (vi) thermal feedback from flame to charring material
was assumed to be negligible compared to external radiation.

3.2. Governing equations

3.2.1. The solid phase
The main objective of the solid phase modeling is to describe
the related thermal, chemical, and physical processes happened

after the sample slabs were positioned under external heat flux.
The related thermal processes include the radiation absorption on
the sample surface, convective heat between the surface and sur-
rounding airflows, the heat transfer to the bottom side, and reaction
heat released from pyrolysis reactions. The chemical reactions are
mainly about the pyrolysis reactions of virgin material and its prod-
ucts. Physical processes include the volume change, gas and liquid
transportation inside the solid slabs. The details can be seenin Fig. 1.
The following contents will focused on describing these three main
processes.

Conservation equations in the solid phase describe the main
processes in the solid phase, which are given as

Ns+Nj+Ng OpdCoT. Nj+Ng o 3 3 Py
Pi¢Cp.iTs 0jPCpTsty _ 0 ([, 9Ty 9rad

Z ot +Z ox T oo ()L E))<>+QWHr ox M
i=1 j=1
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2P _ . 2
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Here Eq. (1) describes the energy conservation equation, while
the two terms on the left hand side are the transient energy and con-
vective heat terms, respectively, and the three terms on the right
hand side describe heat conduction, pyrolysis reaction heat and
external radiation term, respectively; Eq. (2) is the consumption of
solid species; and Egs. (3) and (4) represent the mass conservations
for gas and liquid, respectively. For Egs. (3) and (4), the left hand
side describes the transient and convective terms, while the right
hand side includes the production rate of solid or liquid species.

The heat released from pyrolysis reactions was introduced in
Eq. (1), but pyrolysis kinetics for materials in practical use is fairly
complicated, and composition of their volatiles is difficult to quan-
tify. Therefore, decomposition is being esimated in this study by
chemical reactions of the form

Vi [SHg + Vg [GE > v [ST, + 1[Gy, + AH; (5)

where vis the coefficient of the pyrolysis reactions, which is written
on a mass basis, and with kinetic parameters evaluated from avail-
able data [44-47]. Here [S] stands for solid species and [G] stands
for gas species.

Eqgs. (1)-(4) are supplemented by the constitutive relations
(Darcy’s law) applying to both gas and liquid flows through the
porous matrix of the material. The principle of the Darcy’s law is to
describe the flow in porous media under pressure gradient, which
is expressed by

Ye 8P Y 8P
M= e BT g ox (©)

Here y is the permeability of the solid phase; and the pressure

inside the solid phase, P, can be calculated from the ideal gas law

P = pgRT/Mg (7)
where Mg is the molecular weight of the gas mixture

N -1
g Y

Mg = (ZM) (8)
i1

Porosity of the solid can be assumed regarding its density [48]:

Ns
¢ =1- (ptheor)qui (9)
i=1
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Fig. 2. Experimental set-up (left) and computational domain of FiresCone (right).

using Oeor as a theoretical (usually assumed to be 1500 kg/m3
[48]).

The terms in Eqs. (2)-(4)are utilized to describe the production
rate of products from those pyrolysis reactions, which can be given
by

O; = Zuﬁskj pli; k; = Ajexp (—E;/RT) ; @ = A - exp (~E/RT) p;
i

(10)

The latter Arrhenius kinetics treatment in Eq. (10) is justified in
the case of water embedded as moisture into the porous matrix of
the material, effectively without free surface [49].

It was assumed that the volume of each grid is related to the vol-
umes of the all the solid and liquid species, including virgin material
and its pyrolysis products. The grid size can be then estimated by

summing up the volumes of all the solid and liquid species
Ns+N,

Pi
Ax = Axg Z L (11)
P Pi,0

Heat generated or absorbed during pyrolysis reactions, intro-
duced in Eq. (1), is given by

Qur = »_AH;0, (12)
j

Absorption of radiation, the last term in Eq. (1), is described
following the Beer-Lambert Law

g = Goxt €XP (—KX) (13)

In Section 4, the predicted mass loss rate (MLR) of this model
will be validated by cone calorimeter experiments. During the
numerical modeling, MLR of solid slab is calculated based on the
transient mass loss of all the solid and liquid species. Gas species
were ignored during the calculation as they can exhaust to the gas
phase fast. The mass loss rate of the solid slab can be given by

g [Nt
MIR =~ (Z,o,-Ax,) (14)

i=1

Thermal properties, such as diffusion coefficient, permeability,
radiation absorption coefficient, emissivity and thermal conduc-
tivity, are much dependent on the volume of the materials. So they
were estimated based on volume fraction

Ns+N “TINgtN,
Pi Pi
U= — U—,U=y,D,e,k, A (15)
( Z Pi,0 ) ; : Pi,0 4

i=1

Thermal properties, such as specific heat capacity, were calcu-
lated based on mass fraction as those properties are much affected
by the mass of the material

Ns+N; \ ~INs+N
U= (Zm) > piliU=G (16)
i=1 i=1

3.2.2. The gas phase

The objective of gas phase modeling is to simulate the com-
bustion processes of those gas volatiles exhausted from the
solid phase. These gas volatiles go through combustion pro-
cesses when they meet the oxygen under high temperature.
Two-dimensional Navier-Stokes equations, supplemented with the
continuity, energy and species conservation equations, are then
utilized to simulate the combustion behavior in the gas phase

pGpT | OpGpuT | IpCuT _ 9 ()\ 8T> L0 (Ag;) O

ot ox dy  ox \ ox dy
17)
ou v

<

dpu  dpuu dpvu  d [ Ju duy) op

o T T dy  Ox <M x> (M 8y) ox (19)
dpv  Odpuv  dpvw 3 ([ v v\ P

o Tk dy ~ Ox Fox )™ dy May dy (20
dpY;  Odpuy;

a,OUY,' _ 0 8Y,’ 0 an
oc " ox | oy _8x<pD8x>+8y<p ay>+@reaf
(21)

where Eq.(17)is the energy conservation equation for the gas phase
modeling, considering heat conduction and combustion reaction
heat, listed on the right hand side of this equation; Eq. (18) is the
continuity equation; Eqgs. (19) and (20) are the momentum equa-
tions in the X and Y direction, as shown in Fig. 2; and Eq. (21) is the
gas species equation.

In the absence of detailed information on the chemical compo-
sition of pyrolysis products (which is quite complex and difficult
to quantify precisely), the chemical reaction in the diffusion flame
for the gas phase modeling, introduced in Eq. (17), is written in a
general form on mass basis

L0
dy
0

Kj
[F] + vo, [02] % vco [COT + vco, [CO2] + vhy0 + H20+ AH;  (22)
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Fig. 3. Comparisons between modeling and experiments for 10 and 20 mm thick Cherry samples under 25-75 kW/m? heat flux.

with the reaction rate constant and the rate of heat release given Relevant stoichiometric and kinetic parameters are listed in
by Tables 1 and 2.

ke = As - exp (—Ef/RT) ; Qreac = krp¥r - Yo, - AHy (23)
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Fig. 4. Temperatures inside 10 and 20 mm thick Cherry samples under 25-75 kW/m? heat flux.
Table 1
Thermal properties of Cherry for modeling input.
Property Unit Cherry Char/Ash Water Gas
Pyrolysis reaction rate 1/s 2.49 x 106 exp(—106500/RT) [9]  1.31 x 108 exp(—134000/RT) [12]  4.29 x 103 exp(—43800/RT) [53] -
Density kg/m3 558 [Measured] 350 (char) [54]; 35 (Ash) 1000 1.205
Moisture content kg/kg 0.113 [Measured] - - -
Yield kg/kg 0.26 (char) [9] 0.2 (Ash yield) - -
Heat of reaction J/kg 4,18 x 105 [55] 9.8 x 10° 2.45 x 106 [56] -
Heat transfer coefficient W/m2K  10([57] 10 - -
Gas permeability m? 5.80 x 10~17 [58] 5.80 x 10-17 - -
Water permeability m? 3.79 x 10720 [59] 3.79x10°20 - -
Diffusion coefficient of water ~ m?/s 5.11x 1079 [58] 511x10°8 511x1078 -
Diffusion coefficient of gas m?/s 1.85 x 10719 [60] 1.85x 1079 1.85x 1079 -
Specific heat capacity J/kgK 3200 [61] 1350 [62] 4183 [63] 1000 [64]
Surface emissivity - 0.76 [9] 0.80 [65] 0.97 [66] -
Thermal conductivity W/mK 0.35[67] 0.18 0.61 [68] 0.03 [67]
Dynamic viscosity Pas - - 8.9x 1074 [69] 2.0x 1075 [70]
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Fig. 5. Temperature and gas velocity in the gas phase for 10 mm thickness Cherry under 25 kW/m? heat flux at: (a) 200s; (b) 4005s; (c) 500s; and (d) 800s.

Fig. 6. Mass fraction of O, (left half) and Fuel (right half) in the gas phase for 10 mm thickness Cherry under 25 kW/m? heat flux at: (a) 200s; (b) 400s; (c) 500s; and (d)
800s.
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Fig. 7. Mass fraction of CO; (left half) and CO (right half) in the gas phase for 10 mm thickness Cherry under 25 kW/m? heat flux at: (a) 2005s; (b) 400s; (c) 5005s; and (d)

800s.
Table 2
Thermal properties of ABS for modeling input.
Property Unit ABS Char/Ash
Pyrolysis reaction rate 1/s 9.50 x 10'% exp(—179.2 x 103/RT) [75] 1.31 x 108 exp(—134000/RT) [12]
Density kg/m3 1065.7 [Measured] 450 (Char); 155 (Ash)
Moisture content kg/kg - -
Yield kg/kg 0.20 (Char) 0.20 (Ash yield)
Heat of reaction J/kg 6.0 x 10° 9.8 x 10°
Heat transfer coefficient W/m? K 10 10
Gas permeability m? 5.80 x 10~17 5.80 x 1016
Water permeability m? 3.79x 1020 3.79x 1071
Diffusion coefficient of water m?/s 5.11x107° 511x1078
Diffusion coefficient of gas m?/s 1.85x 10710 1.85x107°
Specific heat capacity J/kgK 1500 [76] 1350 [62]
Surface emissivity - 0.95 0.8 [65]
Thermal conductivity W/mK 0.45 0.35

3.3. Initial and boundary conditions

Initial gas pressure is equal to ambient p|;,_y = po through the
entire domain. Initial temperature is ambient temperature T|;_g =
To everywhere.

Initial conditions of the solid phase are given

Xle—o = X0, Psle—o = (1= X0) 0, Ptle—o = X0P0: Pgli_g = Pe.0: Ugle_g = Ulli—o = 0 (24)
Initial conditions of the gas phase are provided

Ule=0 = 0, Vle=0 = 0, pl;—o = po, Yil—o = Yio (25)
Boundary conditions for the solid phase are given by

aT Ny aT

Aol = o — M (Tour — To) — e0(Tar* = To*), A—| =0 (26

X et Qext (Tsur 0) (Tsur 07) I |x=0 (26)

Ply_; = Py, ?| =0, %| =0, % =0 (27)
X x=0 8x x=L aX x=0

In the gas phase, the top open boundary conditions were set in
terms of exit velocity vex of the gas leaving the heater. This velocity
is determined by the volumetric extraction rate (24 L/s) through
the hood that encloses the cone heater

U=0,v="vex,P =Py (28)

Bottom and side open boundaries have the following conditions
imposed on them

du v

—=0,—=0,P=P 29

dx ox 0 (29)
Further, no-slip conditions are imposed on the solid boundaries

(walls)

oP

u=0,v=0,+—=0 (30)
ox
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Fig. 8. Comparisons between modeling and experiments for 10 and 20 mm thick ABS under 50 and 75 kW/m? heat flux.

while mass flux of volatiles (obtained from solid phase calculations)
mB serves as a velocity condition at the surface of the material

oM o " aP
m =mp, — =0 31
B 3y (31)

Boundary conditions for the scalar quantities are

aT aY;

= =0,~=0 32

ox dx (32)

at the top open boundary

T=To,Y; =Y (33)

at the bottom and side open boundaries, and finally

T = T, 2 — 0 (34)

ox

3.4. Numerical approach

Governing equations in both solid and gas phases were solved by
fully implicit Finite Volume Method. Staggered grids were utilized
to avoid oscillations and convergence problems for the pressure
field [50]. Quadratic Upstream Interpolation for Convective Kine-
matics (QUICK) as a high order differencing scheme was utilized
to discretize all convective terms as it includes the information

of three control volumes from upstream [51]. Pressure Implicit
with Splitting of Operators (PISO) was used to solve the pressure-
velocity coupling problem [52].

The developed numerical model includes two parts, namely
the sub-programs for solid and gas phases, respectively. The sub-
program of solid phase was used to simulate pyrolysis processes
of solid fuels under external radiations. Pyrolysis reactions of these
solid fuels and their products, transportation processes of liquids
and gases, and volume change were considered. The sub-program
of gas phase was used to simulate combustion processes of those
gas volatiles exhausted from the solid phase. These gas volatiles
were produced from the pyrolysis reactions in the solid phase,
which were then exhausted from the solid phase under the pressure
and concentration gradients.

In the solid phase, it was indicated from sensitivity analysis that
the surface temperature and mass loss rate were less influenced
by the grid spacing less than 0.1 mm. Grid spacing of 2 and 4 mm
were utilized for the sensitivity analysis of the gas phase modeling.
Calculation time increases significantly when grid spacing decrease
from 4 to 2 mm. It was noticed from the comparison of results over
the first 50 s of calculations that these two grid spacing show little
difference. Therefore, grid size of 4 mm was then used in the gas
phase modeling.
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Fig. 9. Temperatures inside 10 and 20 mm thick ABS slabs under 50 and 75 kW/m? heat flux.

Fig. 10. Temperature and gas velocity in the gas phase for 10 mm thickness ABS under 50 kW/m? heat flux at: (a) 100s; (b) 200s; (c) 400's; and (d) 600s.
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Fig. 11. Mass fraction of O, (left half) and Fuel (right half) in the gas phase for 10 mm thickness ABS under 50 kW/m? heat flux at: (a) 100's; (b) 2005s; (c) 400's; and (d) 600s.

Fig. 12. Mass fraction of CO; (left half) and CO (right half) in gas phase for 10 mm thickness ABS under 50 kW/m? heat flux at: (a) 100's; (b) 200s; (c) 400's; and (d) 600s.
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4. Results and discussion

All the data in this section were presented for three different
levels of external radiation: low (25 kW/m?), medium (50 kW/m?2)
and high (75 kW/m?). Two different values of the sample thickness
are considered: 10 and 20 mm.

4.1. Timber

4.1.1. Thermal properties of Cherry

Cherry has been tested in a cone calorimeter to validate numer-
ical modeling. Thermal properties of Cherry for modeling input are
presented in Table 1. Five species are considered, namely virgin
Cherry, char, ash, liquid water and gas volatiles (Fuel). Reactions of
the form in Eq. (5) are considered

Cherry — Char + Fuel (35)
Char — Ash + Fuel (36)

4.1.2. Mass loss rate and solid phase temperature distribution

Mass loss rate (MLR) histories are primary data for comparison
between numerical predictions and experiments, shown in Fig. 3.
The labels in the subfigures show the thickness of the samples and
external heat flux for experiments, same as follows. At all flux lev-
els three different peaks of MLR are observed. The first peak occurs
at a maximum rate of water evaporation, and just before the major
timber pyrolysis reactions accelerate. Evaporation of water is sig-
nificant when the slab temperature is above 100°C [71]. The first
peak degenerates into small plateau for the cases where both heat
flux and sample thickness are either low (Fig. 3(a)) or high (Fig. 3(f)),
but is clearly seen in other cases.

The second stage (between the first and the second peaks)
reflects preliminary pyrolysis reactions of virgin Cherry. This stage
generally starts once the temperature of the Cherry exceeds about
240°C [72]. The third stage develops once heat wave inside the
material penetrates towards its back surface. Insufficient heat loss
through the back surface results in the development of the third
peak. Pyrolysis of char also occurs at this stage. Global maximum of
MLR is observed during this stage. The abrupt fall of computational
MLR is due to the completion of all the pyrolysis reactions of virgin
timber and char, with a small amount of ash left in the solid phase.

It was noted that mass loss due to water evaporation is much
more obvious in the modeling, compared to the experiment (Fig. 3).
This can be attributed to rather short period of water evaporation
as moisture content represents small proportion of the sample’s
mass. Mass loss is hard to be measured in the experiment over short
periods of time. Another reason is a possibility that some jump
points in MLR history are effectively ignored upon smoothing by
Savitzky-Golay method [73,74]. It should also be noticed that the
time scale for these samples slabs are different, which is because
the chemical reactions of the samples under different thicknesses
and external radiation levels.

All the three levels of heat fluxes produce similar MLR data
with magnitudes of the peaks increasing with higher intensity of
external heating. Qualitatively, there is a good agreement between
predictions and experimental data. Quantitative agreement is rea-
sonable in most cases, but some deviations are observed in the
magnitudes of the MLR peaks, as well as in times of MLR drop-offs
after the maximum value. The discrepancies in the peak magni-
tudes are expected as chemical kinetics involved is quite complex
and not understood completely. Drop-off times are essentially con-
trolled by the heat transfer coefficient at the back surface of the
material. This property needs be more accurately measured in order
to achieve better agreement with experiments.

Temperatures distributions inside Cherry slabs under 25, 50 and
75kW/m? heat fluxes are shown in Fig. 4. The axis X, Y and Z show

the time, depth and temperature, respectively. The right color bar
of each subfigure show a temperature range of 300-1500 K. General
trends are quite obvious and consistent with expected observations
of heat propagation into the solid substance. The process is affected
under variable thermal conductivity and volume shrinkage. This
means that heat gain rate per unit mass of material increases as the
process progresses. Consequently, internal material temperature
rise faster than it would if the material was chemically inert.

Due to adiabatic conditions (Eq. (26)) set at the back surface
of the material, temperature inside the sample levels off at the
end of the process, and the material eventually starts to behave
as thermally thin. All the pyrolysis reactions finally stop due to
consumption of virgin Cherry. Remaining ash approaches equilib-
rium conditions, as thermal radiation absorption and losses from
the surface balance out.

Maximum temperatures for the two different sample thick-
nesses are very similar, but the time to achieve this maximum is
obviously longer for the thicker sample. For example, for the 10 mm
Cherry slab, surface temperature reaches maximum in about 300's
(Fig. 4(e)) under 75kW/m? irradiance, and this time increases to
about 800 s (Fig. 4), under 25 kW/m? heat flux. Observed differences
between front and back surface temperatures are more significant
at higher levels of external fluxes.

4.1.3. Diffusion flame predictions

Temperature and gas velocity fields in the gas phase under
25kW/m? heat fluxes are presented in Fig. 5. Three high tem-
perature areas are observed. The first two symmetrical areas are
near the heaters. Air temperature near the heaters increases due
to thermal conduction and convection. The third area represents
diffusion flame which develops above the sample surface due to
pyrolised material influx. Flame intensity increases with the inten-
sity of external heat flux due to obvious increase in the pyrolysis
rates. Flame becomes most detached from the surface at higher lev-
els of pyrolysis rates (in conformity with MLR data, shown in Fig. 3),
and attaches to the surface at later stages as pyrolysis reactions (and
pyrolysis flux) cease.

Distributions of mass fractions of oxygen and fuel under
25 kW/m? heat flux are demonstrated in Fig. 6. Mass fractions of O,
are close to ambient levels in most areas except the region above
sample surface. This is consistent with the structure of diffusion
flame and computational domain where fresh air can enter from
both bottom corners. High fuel (pyrolysis products) concentrations
are located above the surface of the material. Fuel mass fraction
profiles are shaped by the two competitive processes, that is the
rate of volatiles release form the solid phase, and the rate of fuel
consumption in the flame.

Distribution of combustion products (CO and CO, ) can be seenin
Fig. 7. Overall, both species concentrations show qualitatively simi-
lar profiles over the considered range of external heat fluxes. This is
aresult of the prescribed split between combustion products in the
global chemical reaction shown in Eq. (5). Mass fractions contours
of CO and CO,, also show similarity with the temperature contours
in Fig. 5. This is expected correlation as both energy release rates
and species production are related to the rates of combustion, giv-
ing rise to quasi-similarity between temperature and concentration
fields in diffusion flames.

4.2. Charring polymer

4.2.1. Thermal properties of ABS
In the second set of experiments a charring polymer ABS has
been tested in cone calorimeter for the validation of the developed
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model. Pyrolysis reactions of ABS, which are accounted by Eq. (1),
in this case, represent the following transformations:

ABS — Char + Fuel (37)
Char — Ash + Fuel (38)

Reaction shown in Eq. (5) applies in the gaseous phase. As the
moisture in the ABS can be ignored, the related evaporation process
was not considered during the numerical modeling.

Table 2 shows thermal properties of ABS for modeling input. It
should be noted that although in general the char residue from ABS
is not the same as the char, no data has been found for the prop-
erties of char and ash produced by ABS. Therefore, such properties
were taken as those of the timber. Same remark applies to the prop-
erties describing transport processes of liquids and gases through
ABS media, such as diffusion coefficients and permeability. Such
properties were also assumed based on the data for Cherry.

4.2.2. Mass loss rate and solid phase temperature distributions

In contrast to timber, ABS appeared to be highly dependent on
the level of heat flux applied. Specifically, the 10 mm sample was
not ignited under the lower 25 kW/m? heat flux, while modeling
showed ignition and significant peak MLR. This case could not be
modeled properly as the chosen flux value appears to be very close
for the critical heat flux for ABS. For the 20 mm sample ignition
occurred after a very substantial delay, and the process could not
be modeled accurately either. Therefore, at the specified conditions,
the combustion system is intrinsically unstable and the current
mathematical model is not expected to perform well. So the fol-
lowing analysis will much focus on the fire behaviors under high
heat fluxes.

Fig. 8 shows the comparisons between modeling and exper-
iments for ABS under 50kW/m?2 and 75kW/m?2 heat fluxes. As
evident from these figures, thermal degradation of ABS follows
three major stages. First is the rapid ignition, accompanied by sig-
nificant increase in MLR. The second stage, involving both pyrolysis
reactions of virgin ABS and char oxidation, shows much smoother
MLR profile. Peak of MLR is achieved at the end of this stage (due
to adiabatic conditions at the back of the sample’s surface), and the
third stage demonstrates fall in the MLR until the point of full con-
version of virgin ABS into char, and subsequent total combustibles
consumption. The first two stages are reproduced by the model
reasonably well, although peak MLR is generally overestimated.
The third stage is not reproduced well as the modeled MLR drops
abruptly to zero level, rather than following less steeply declin-
ing experimental profiles. Apart from potentially not fully accurate
boundary condition at the back surface, it is believed that the lack
of accurate kinetic data on char oxidation contributes to this dis-
crepancy as well. Once such data becomes available, the modeling
results are likely to be improved.

ABS slabs temperature distribution, in the direction transver-
sal to the surface under 50 and 75 kW/m? heat fluxes are shown
in Fig. 9. Similar to Cherry, surface temperature increases rapidly
as the heating starts. Rate of temperature rise at the back surface
is much slower due to substantial heat penetration time, which
becomes longer for a thicker sample. Maximum temperatures occur
once all the virgin ABS turns into ash. These peak temperatures
increase with the raising levels of external heat flux.

4.2.3. Diffusion flame predictions

Fig. 10 shows flow temperature and velocities under 50 kW/m?
heat fluxes, respectively. Similar to Cherry tests, high tempera-
ture areas are located near the heater and close to sample surface.
Behavior of flames is very similar to the case of the timber sample.
Flame essentially becomes detached from the surface upon ignition,
while the hottest region of the flame descends towards the mate-

rial surface before the extinction. Mass fractions of oxygen and fuel
shown in Fig. 11, as well as those of products (CO and CO, shown in
Fig. 12) essentially follow the same trend, as in the case of Cherry
combustion.

Mass loss rate (in the above specified range of external radiative
fluxes) is effectively dictated by the level of external radiation and
properties of the solid fuel. Consequently, effects of combustion,
turbulence and radiation transfer in the gas phase are also of sec-
ondary importance in basic material tests under cone calorimeter
[77]. The implication of this finding is that sophisticated compu-
tational models developed for treatment of thermal degradation
of various materials may be validated against experiments with-
out spending much effort and time on predicting diffusion flame
behavior. In real fire prediction, of course, fully coupled treatment
of both the phases is necessary.

5. Conclusions

Frequently used building materials such as charring materials
were investigated on their fire behaviours under external radi-
ance both experimentally and numerically. Two typical charring
materials were selected in this study, including timber (Cherry)
and acrylonitrile butadiene styrene (ABS). The proposed numerical
model has considered both solid and gas phases, which were val-
idated by cone calorimeter experiments. Predictions of mass loss
rate agree reasonably well with experimental data in nearly all the
cases, except for the ABS under low radiative heat flux. In general,
three different stages of mass loss rate histories are observed, in
agreement with the previous studies. Global peak of the mass loss
rate occurs near the end of the process, followed by rapid descend of
mass loss rate. Diffusion flame has been reproduced in calculations,
as well as details of flame chemistry and flow turbulence. Major
modelling emphasis in reproducing cone calorimeter test should
be made on modeling physical and chemical processes occurring
in the solid phase. It provides an excellent basis to investigate the
fire behavior of building materials.

This study provides an attempt for the combination of both
solid and gas phase modeling. One limitation of this study is the
validation of gas phase modeling, which will be taken when the
related experimental conditions are allowed. Another limitation is
the absent consideration of flame radiation, which will be carried
out in our future research after validating the gas phase modeling
of building materials.
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