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a b s t r a c t

A predictive model is formulated for the fire response of a glass reinforced plastic panel, consisting of two
glass-fibre/polyester skins and Vermiculux sandwich material (core) in between. Polymer conversion
takes place according to a first-order decomposition reaction and an n-order combustion reaction both
with an Arrhenius-type dependence on temperature. Intrinsic kinetic parameters have been estimated
by re-examination of thermogravimetric data at four heating rates, resulting in activation energies for
the two steps of 128 and 150 kJ/mol, respectively. Physical processes are modelled by the unsteady, one-
dimensional conservation equations taking into account heat transfer by convection and conduction,
convective mass transfer, surface heat transfer, effective thermal conductivity, moisture evaporation,
ablation of the heat-exposed surface at a critical temperature and property variation. Simulated process
dynamics, using intrinsic values for all the model parameters, are highly influenced by the behaviour of
the heat-exposed skin which shows three main regimes: I) very rapid conversion of a thin surface layer
(fast heating regime), II) slowing down of the conversion processes following the formation of a thick
insulating fibre glass layer (slow heating regime) and III) a new enhancement in the reaction rates as
a consequence of surface collapse and ablation (ablation regime). Good agreement is obtained for the
predicted and measured temperatures for both a single skin composite plate and a sandwich panel
loaded with a hydrocarbon flame.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Composite polymeric materials are widely employed in
structural applications. Fibre-reinforced composites present high
weight-specific stiffness and strength and are therefore especially
suited for the maritime, railway and aeronautical transportation
industries [1]. Even higher stiffness-to-weight ratios are attained
with sandwich elements in the form of panels [1–4]. These are
commonly made of two thin and yet stiff face skins which are
separated by a thick lightweight and compliant core. The skins
are made using a variety of fibres and resins, such as glass, carbon
and Kevlar fibres, phenolic resins, polyesters, vinyl esters and
epoxies, while the core structure is made from polymeric foams,
end grain balsa wood or aramid (nomex) honeycomb. The faces of
the panel offer a high resistance to external bending loads while the
core is especially suited for resistance to external and smoothly
varying shear loads.
: þ39 081 2391800.

ll rights reserved.
In addition to mechanical resistance, fire hazards associated
with the release of large amounts of heat, smoke and toxic
compounds from the decomposition and combustion of poly-
meric materials are of paramount importance for the structure
and personnel safety. Significant effort has been devoted to
characterize the fire behaviour of polymer composites including
the development of mathematical models. In this regard predic-
tive models, after experimental validation using standard fire test
methods, can help in minimizing the number of tests required for
material qualification [5]. Also, after a truly comprehension of the
physical and chemical mechanisms controlling the fire under
standard conditions, the models can be generalized for the
predictions of realistic fire scenario, in this way supporting multi-
disciplinary design of practical appliances and reducing expensive
fire testing. Numerous predictive models have been proposed for
the behaviour of composite polymeric materials under fire
conditions [5–17], including the work carried out at the Univer-
sity of Berkeley (CA) and the production of an open core source
computer model indicated as Gypro [18]. Reviews on the
modelling of charring and non-charring solid degradation are
also available [19–23]. The current state of the art indicates that
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Nomenclature

A pre-exponential factor [s�1]
c specific heat [J/kgK]
d pore diameter [m]
E activation energy [kJ/mol]
k thermal conductivity [W/mK]
H width of the square section of the sample [m]
h1 global heat transfer coefficient at the hot face [W/m2K]
h2 global heat transfer coefficient at the cold face

[W/m2K]
hL global heat transfer coefficient at the lateral surfaces

[W/m2K]
M molecular weight [kg/kmol]
n reaction order
p pressure [Pa]
Pr Prandtl number
R universal gas constant [kJ/molK]
Ra Rayleigh number
S specific surface [m�1]
t time [s]
T temperature [K]
Te temperature of the external environment [K]
Tf flame temperature [K]
u velocity [m/s]
x spatial coordinate [m]
Y mass fraction
a polymeric mass fraction (kinetic model)

DH reaction heat [kJ/kg]
3 volumetric fraction
l latent heat of water vaporization [kJ/kg]
r density [kg/m3]
s Stefan–Boltzmann constant [W/m2K4]
j attenuation factor
%dev mean square deviations

Subscripts
0 initial condition
a air
ab ablation
C core
c combustion
cr critical value
cs calcium silicate (Vermiculux)
d decomposition
e effective
f glass fibres
G gaseous products of devolatilization and combustion
g total gas and vapour
m moisture
p polymer
R residue
S skin
DTG derivate thermogravimetry
TG thermogravimetry
v steam
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predictive models essentially take into account convective and
conductive heat transfer, in a few cases for variable volume
media undergoing phase change with one- or multi-step
decomposition mechanisms. Peculiar of this approach is the use
of intrinsic chemical kinetics and physical properties of the
composite taking into account the behaviour of the different
compounds and their mass fractions observed from specific
experiments different from those for the experimental validation
of the entire model.

Contrary to predictive models which aim at a detailed
description of each process in the governing equations for the
thermal response of a composite material, empirical models have
also been formulated. These commonly consider a simple heat
conduction equation [24–28] with apparent (versus intrinsic)
thermo-physical properties (heat capacity and thermal conduc-
tivity) which incorporate the effects of all the processes other
than heat conduction. For instance, the apparent heat capacity
takes into account the energetics of phase change, moisture
evaporation and thermal decomposition, and is expressed in
terms of an empirical function of the temperature (i.e. adiabatic
calorimetry data [25] are generally proposed in the form of
a correlation). Although there are advantages of the simple form
of the equations, it is easily understandable that empirical models
are sample specific and their usefulness and validity are
extremely limited. In other words, equations for the apparent
properties should be re-determined as sample conditions and
properties (for example, percentages of the components in the
composite material, initial moisture content, etc.) vary. In a few
cases, empirical or semi-empirical models of thermochemical
conversion of composite materials have also been extended to
include simplified descriptions of structural effects. The state of
the art in this sector is provided by the introduction section of
Ref. [26] while a more recent effort is reported in [29,30].
Contrary to the case of composite materials, the more compli-
cated configuration of sandwich panels exposed to fire has been
considered only in one case [31]. More precisely, a glass reinforced
plastic panel is modelled, consisting of two glass-fibre/polyester
(GRP) skins and calcium silicate (Vermiculux) material in between,
also simplified to a single skin panel [32–35]. The model of the
sandwich panel [31] formally retains the main features of those
already developed for composite materials. The external skin
undergoes one-step decomposition kinetics, with guessed param-
eters, and one-dimensional transient heat transfer by convection
and conduction. The core does not decompose and is interested
only by heat conduction. Apparent specific heats take into account
the enthalpy variations associated with moisture evaporation and
polymer decomposition and empirical expressions are used for the
thermal conductivities. Therefore, despite the innovative character
of the study and the practical importance of the multi-layered
system are undeniable, the model [31] is essentially empirical
because of the simplifying assumptions made in the formulation of
the model equations (i.e. the absence of convective heat and mass
transport across the core) and the use of apparent property values
chosen so as to obtain acceptable agreement between predicted
and measured temperature profiles. The approach does not allow
the model to be confidently applied for different experimental
conditions or, more important, for materials other than those of the
system under study by a simple modification in the values of the
input parameters.

The general scope of the present study is to formulate a gener-
alized transport model for sandwich panels under fire conditions
which, in conjunction with experimental analysis, can be applied to
evaluate the performances of new materials. Owing to the avail-
ability of experimental information, the same multi-layered
structure employed in [31] is chosen. A dynamic model is formu-
lated, by incorporating theoretically based sub-models for the
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various processes and using intrinsic values for both chemical and
physical properties, and experimentally validated.
2. Computer model

2.1. Problem formulation

The problem under study, schematized in Fig. 1, is a sandwich
panel made from two thin skins separated by a thick core, that is,
two glass-fibre/polyester skins and calcium silicate (Vermiculux)
material in between, as in [31]. Thicknesses of the three zones are
LS1, LS2 and LC, whereas the total width for the other two direc-
tions is H. The polymeric component is isophthalic polyester
while, as in [36], Vermiculux ‘‘is a low-density calcium silicate
board containing vermiculite and reinforced with selected fibres
and fillers.’’

The panel is exposed to a hydrocarbon flame which produces
a heat flux uniform in the plane of the panel so that the assumption
of one-dimensional system along the panel thickness can be made.
Given the complicated character of the thermal response of
a composite material, multi-layered structure exposed to fire
conditions, the mathematical description also makes use of further
assumptions:

1) the composite material forming the skins consists of the
volumetric fractions 3f (glass fibres), 3p (polymer), 3m (mois-
ture), and 3g (gas and/or vapors);

2) the core structure consists of the volumetric fractions 3cs

(calcium silicate or, more precisely, Vermiculux), 3m (moisture),
and 3g (gas and/or vapors);

3) the effective density of each condensed-phase component of
the panel, rf (glass fibres), rp (polymer), rm (moisture), and rcs

(Vermiculux), is constant whereas the corresponding
volumetric fraction varies to take into account chemical and
physical transformations occurring during exposition to fire;

4) the total volume occupied by each skin does not change as
a consequence of thermal decomposition and combustion of the
polymeric resin;

5) the core does not shrink or swell and is chemically inert;
6) the gas pressure, p, inside the pores of the sandwich is

constantly at the atmospheric value;
7) the solid, liquid and gas/vapor phases are in a local thermal

equilibrium;
8) the transport by diffusion of volatile species is small with

respect to that by convection;
LC LS1 LS2 
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Fig. 1. Schematic of the GRP–Vermiculux sandwich panel.
9) the transport by convection and diffusion of the liquid-phase
moisture is negligible;

10) the gas/vapor mixture obeys to the ideal gas law.

Assumptions 1)–3) and 7)–10) are usually made in the formu-
lation of transport equations for porous reacting solids [19–22]. The
former group constitutes the basis of the so-called porous medium
approximation, whereas the physical features supporting the
others are the micro-porosity typical of the system under study
(assumption 8)), the rather high gas velocities across the pores
caused by the release of large amounts of decomposition/
combustion products (assumption 8)), the rapid evaporation of the
moisture content at temperatures near to the normal boiling point
of water (assumption 9)) and the general validity of the ideal gas
law (assumption 10)). As for the assumption 4), it is also well
known [19] that the integrity of the structure shape is preserved for
temperatures below the fibre glass fusion temperature which is
much higher than the typical decomposition/combustion temper-
atures of polymeric resins. Assumption 5) is supported by the
specific properties of the core material examined here. Finally, gas
pressure variations taken into account by some models for the
thermal decomposition of composite polymeric materials [7] and
lignocellulosics [22] are reported not to play a controlling role for
the thermal response.

However, the model takes into account the highly unsteady
character of the process, thermal decomposition and combustion
of the polymeric component of the skins both including finite-rate
kinetics, heat transfer by convection and conduction (the latter
with theoretically based sub-models for the effective thermal
conductivities), convective mass transfer, variation of component
volumetric fractions with the conversion degree, moisture evap-
oration, surface ablation of the solid residue left after the
conversion of the polymeric resin as soon as the temperature
reaches a critical value, heat transfer (convection and radiation)
between the lateral and bottom surfaces of the sandwich panel
and the environment, and variable properties. Sub-models are
developed for the chemical and physical processes with intrinsic
values for all the properties. Detailed information about the
mathematical description of the various processes and a list of
property values are provided below.

2.2. Oxidative decomposition kinetics of isophthalic polyester

Thermogravimetric curves for the oxidative decomposition (in
air) of a pultruded E-glass fibre-reinforced polyester composite,
where the polymer mass fraction is equal to 0.424, are reported
in [28]. Given that the polymeric resin is isophthalic polyester,
the same of the skins of the present system, they have been
considered apt for the analysis of chemical kinetics needed for
coupling with the description of transport phenomena of the
model under development. First of all, the thermogravimetric
curves, obtained at four heating rates (2.5, 5,10 and 20 K/min)
from 298 to 973 K in air, have been re-plotted with reference to
the sole polymeric component so as to get mass fractions in the
range 0–1. They show a first high peak rate, attributable to
thermal decomposition, followed by a much smaller peak
associated with heterogeneous combustion. A mass fraction of
unburned solid residue, ar, around 0.05 can be detected. The two
processes take place at approximately 500–700 K and 750–850 K,
respectively.

The kinetic evaluations, proposed in [28], disregard the high-
temperature combustion process and propose a simple one-step n-
order reaction model. Evaluations of the integral data by means of
the Ozawa method results in a pre-exponential factor A ¼ 4.53
� 108 s�1, an activation energy of E ¼ 125 kJ/mol and a reaction
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order n ¼ 2.75. A more accurate, two-step mechanism is proposed
here consisting of two parallel reactions attributable to decompo-
sition and combustion:

P

Vd
Kd

Vc

Kc

(P is the polymer and Vd and Vc are lumped classes of volatile
products generated from decomposition and combustion, respec-
tively). In accordance with the approach extensively used in the
kinetic modelling of solid degradation [22], the active part of the
solid is assumed to consist of two mass fractions, ad0 and ac0, whose
evolution is described by:

dad=dt ¼ �Kdad; (1)

adð0Þ ¼ ad0; (2)

dac=dt ¼ �Kcan
c ; (3)

acð0Þ ¼ ac0; (4)

Ki ¼ Ai expð� Ei=RTÞ; i ¼ d; c (5)

Then the overall mass loss rate is a linear combination of the two
rates according to:

da=dt ¼ dad=dt þ dac=dt (6)

The parameters ad0, ac0, Ad, Ac, Ed, Ec, and n should be estimated
(for the total mass conservation, the following equation holds:
ar þ ad0 þ ac0 ¼ 1). The linear and the n-order dependence of the
reaction rates on the mass fraction of volatiles released describe the
volumetric and superficial (heterogeneous) character of the two
processes, respectively [22,37]. The variation in the oxygen mass
fraction, as a consequence of the combustion reaction, is assumed
to be negligible. The method of parameter estimation employed
here has already been presented elsewhere [16]. It makes use of
a numerical solution for the mass conservation equations and
a direct method for the minimization of the differential and integral
form of the objective function taking simultaneously into account
the differences between the model predictions and the experi-
mental measurements for all the four heating rates data. The
analysis leads to the kinetic parameters listed in Table 1. In partic-
ular, the decomposition reaction is responsible for a large part of
solid devolatilization (ad0 ¼ 0.88) and is described by a pre-expo-
nential factor and an activation energy that are quite close to those
reported in [28], that is, Ad ¼ 4 � 108 s�1, Ed ¼ 128 kJ/mol. The
combustion reaction is characterized by a higher value of activation
energy (150 kJ/mol).

Simulations of the two component dynamics show that the two
processes are in reality sequential, a feature that the general
parallel mechanism proposed here can easily take into account.
A good agreement between measurements and predictions is
obtained as indicated by the curves shown in Fig. 2A and B and
Table 1
Kinetic parameters and reaction enthalpies estimated for the two-step mechanism
of isophthalic polyester decomposition and combustion.

Ad [s�1] ¼ 4.0 � 108 Ed [kJ/mol] ¼ 128 ad0 ¼ 0.88 DHd [J/kg] ¼ 3.26 � 106

Ac [s�1] ¼ 5.0 � 107 Ec [kJ/mol] ¼ 150 ac0 ¼ 0.07 DHc [J/kg] ¼ �9.217 � 106

n ¼ 0.85 ar ¼ 0.05 %devTG ¼ 2.5 %devDTG ¼ 4
mean square deviations between predictions and measurements of
about 2.5% and 4% for the integral and differential form of the
curves, respectively. Although the introduction of an additional
parameter with the assumption of an n-order rate also for the
decomposition reaction could improve the agreement, especially at
low temperatures, it has been preferred to preserve the adherence
of the proposed model to the actual chemistry of the process. On
the other hand, as the measured amount of volatiles released at low
temperatures is very small, the complication does not seem
necessary, for practical applications, of a further low-temperature
decomposition step.

Fig. 3 provides a comparison, for a heating rate of 5 K/min,
between the two-step kinetics proposed here and the one-step
kinetics reported in [28] and that (A ¼ 7525 s�1, E ¼ 61 kJ/mol,
n ¼ 1) coupled with the empirical transport models of GRP
decomposition [31–33] (performances remain the same for the
other heating rates). As already observed, the two-step kinetics
shows very good agreement with measurements while the kinetics
evaluated in [28] fails in the prediction of the position (585 K versus
606 K) and mainly the value (0.75 � 10�3 s�1 versus 1.3 � 10�3 s�1)
of the decomposition peak rate. A much larger disagreement is
shown by the other set of kinetic parameters [31–33], characterized
by a very low activation energy. Indeed, they highly anticipate the
range of conversion temperatures, displaced at about 380–480 K
(versus 500–850 K of the experimental data). Also, a lower peak
rate is predicted (1 � 10�3 s�1 versus 1.3 � 10�3 s�1).

Decomposition of polymeric materials in inert environment is
also pertinent to the problem under study as, in the presence of gas
350 450 550 650 750 850
0

T [K]

Fig. 2. (A, B) Comparison between the predictions (solid lines) of the two-step kinetic
model (parameters in Table 1) and the measurements reported in [28] (symbols) for
the mass fractions (A) and time derivatives of the mass fractions (B) of isophthalic
polyester heated in air at 2.5, 5, 10 and 20 K/min.
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phthalic polyester heated in air at 5 K/min. Results are also reported as obtained with
the kinetics reported in [5] for the decomposition of isophthalic polyester in nitrogen.
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phase combustion, the flame could act as a physical barrier for the
oxygen to actually reach to solid surface. For the resin under study,
thermogravimetric measurements in nitrogen for heating rates of
25–60 K/min and the parameters for a global one-step reaction
(A ¼ 1.15 � 108 s�1, E ¼ 134 kJ/mol) are reported in [5]. A compar-
ison of the decomposition kinetics in nitrogen and air (Fig. 3) shows
that, in the former case, the process is displaced at higher
temperatures but the peak rates are not significantly altered.

A few considerations should also be made in relation to the
coupling of the kinetic model summarized in Table 1 with the
transport equations for a sandwich panel exposed to fire condi-
tions. As it is extensively discussed in the literature (see, for
instance the recent review [22]) it is not possible to carry out
kinetic analysis of solid fuel conversion for measurements carried
out under very fast heating rates. Indeed, even for the small sample
mass used in classical thermogravimetric analyzers, as soon as the
external heating rate is increased, a significant temperature gradi-
ents is established across the sample, so that the control of the
process shifts from the chemical reaction rate to the rate of internal
heat transfer. Therefore, it is generally accepted that the error
associated with the extrapolation at high heating rates, typical of
practical applications, of the intrinsic kinetic data obtained at slow
heating rates is certainly lower that that associated with the use of
apparent kinetics, evaluated from experiments controlled by heat
transfer.

For coupling with transport equations, the proposed kinetics
needs the values of the reaction enthalpies to be specified. These,
also reported in Table 1, are computed based on the following
assumptions: a) the enthalpy of the one-step reaction reported in
[33] (2.34�106 J/kg) is representative of the global energetics of the
oxidative conversion process; and b) the enthalpy of the combustion
reaction of the two-step mechanism coincides with that of carbon
combustion (�9.217� 106 J/kg [38]). From the two assumptions the
enthalpy for the decomposition reaction of the two-step reaction
mechanism can be easily computed ((ad0 þ ac0)2.34 � 106 J/kg ¼
ad0DHd þ ac0DHc, leading to DHd ¼ 3.26 � 106 J/kg).

2.3. Transport equations for the skins and the core

Transport equations should be formulated for the integration
domain constituted by the skins (xab(t) < x < LS1 and
LS1 þ LC < x < LS1 þ LC þ LS2) and the core (LS1 < x < LS1 þ LC).
The equations for the condensed-phase species of the two skins
include two mass fractions of the resin, Yd and Yc, taking into
account the evolution of volatiles from thermal decomposition and
combustion (eqns. (7) and (8)), and a mass fraction for the liquid-
phase moisture, Ym (eqn. (9)):

d
dt

Yd ¼ �ud; (7)

d
dt

Yc ¼ �uc; (8)

d
dt

Ym ¼ �um; (9)

ud ¼ Ad exp
�
�Ed

RT

�
Yd; (10)

uc ¼ Ac exp
�
�Ec

RT

�
Yn

c ; (11)

um ¼ Am exp
�
�Em

RT

�
Ym: (12)

The chemical reaction rates, ud and uc, are formulated in
accordance with the two-step kinetics proposed above whereas the
moisture evaporation rate, um, is described following the treatment
already used in several studies for the drying stage of porous solids
[22]. It presents a linear dependence on the moisture mass fraction
and an Arrhenius dependence on temperature.

Mass conservation equations for the gas phase should consider
the presence of steam produced from moisture evaporation (rv), air
(ra) which, for simplicity, is considered as a single species, and the
gaseous products of the devolatilization and combustion reactions
lumped again into one single species (rG). More precisely, the equa-
tions are written for the conservation of steam (eqn. (13)) and the
volatile products of chemical reactions (eqn. (14)) and the total gas/
vapour continuity (eqn. (15)) together with the ideal gas law (eqn.
(16)) and an algebraic equation for the total gas/vapour density (eqn.
(17)) (the mean molecular weight of the gas/vapor phase mixture, M,
and the total density of the skin, rS, are given by eqns. (18) and (19)):

v

vt
3grv �

v

vx
urv ¼ umrS0; (13)

v

vt
3grG �

v

vx
urG ¼ ðud þ ucÞrS0; (14)

v

vt
3grg �

v

vx
urg ¼ ðud þ uc þ umÞrS0; (15)

rg ¼
pM
RT

; (16)

rg ¼ ra þ rG þ rv; (17)

M ¼ raMa þ rGMG þ rvMv

rg
; (18)

rS ¼ 3mrm þ 3prp þ 3f rf þ 3grg: (19)

The unsteady enthalpy conservation equation for the gas/vapor,
solid and liquid phases (eqn. (20)) takes into account convective
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and conductive transport, energetics of polymer degradation and
combustion and moisture evaporation, and convective and radia-
tive heat exchange across the lateral surface (the specific heat of the
gas/vapour phase mixture, cg, is given by eqn. (21)):

ð3mrmcm þ 3prpcp þ 3f rf cf þ 3grgcgÞ
v

vt
T � urgcg

v

vx
T

¼ v

vx

�
ke

v

vx
T
�
þ udrS0ð�DH1Þ þ ucrS0ð�DH2Þ � lumrS0

þ S
h
hLðTe � TÞ þ se

�
T4

e � T4
�i
; ð20Þ

cg ¼
raca þ rGcG þ rvcv

rg
; (21)

where S ¼ 4/H.
The mass conservation equations for the central core structure

are written for the liquid-phase moisture (eqn. (22)), steam (eqn.
(23)), volatile products of chemical reactions (eqn. (24)) and total
gas/vapor-phase continuity (eqn. (25)), in conjunction with the
ideal gas law (eqn. (26)) and an algebraic equation for the total gas/
vapor-phase density (eqn. (27)) (the mean molecular weight of the
gas/vapor phase mixture, M, and the total density of the core, rC, are
given by eqns. (28) and (29)):

d
dt

Ym ¼ �um; (22)

v

vt
3grv �

v

vx
urv ¼ umrC0; (23)

v

vt
3grG �

v

vx
urG ¼ 0; (24)

v

vt
3grg �

v

vx
urg ¼ umrC0; (25)

rg ¼
pM
RT

; (26)

rg ¼ ra þ rG þ rv; (27)

M ¼ raMa þ rGMG þ rvMv

rg
; (28)

rC ¼ 3mrm þ 3csrcs þ 3grg: (29)

The enthalpy conservation equation (eqn. (30)) is expressed as (the
specific heat of the gas/vapor phase mixture, cg, is given by eqn. (31)):

ð3mrmcm þ 3csrcsccs þ 3grgcgÞ
v

vt
T � urgcg

v

vx
T

¼ v

vx

�
ke

v

vx
T
�
� lumrC0 þ S

h
hLðTe � TÞ þ se

�
T4

e � T4
�i
;

(30)

cg ¼
raca þ rGcG þ rvcv

rg
: (31)

The transport equations for the core (eqns. (22)–(31)) are formally
the same as already written for the skin layers except for the
absence of chemical reactions and the different components.

The set of partial differential equations (eqns. (7)–(31)) can be
used to predict the space and time variation of the dependent
variables characterizing the state of the system (Yd, Yc, Ym, rv, rG, rg, u,
T), after the specification of the initial and boundary conditions, the
equations for the physical properties (volumetric mass fractions of
the various components, specific heats, effective thermal conduc-
tivities, etc.) and the position xab(t) of the heat-exposed surface.
2.4. Initial and boundary conditions

The sandwich panel is assumed to be initially at ambient condi-
tions in air (T0, ra0) where the density of steam and volatile products
is zero. Initial conditions should also be prescribed, on the basis of
actual composition of the skin and core structure, for the mass
fractions of the resin, Yd0 and Yc0, and the moisture content, Ym0.

Ordinary differential equations for the mass conservation of
condensed-phase species (eqns. (7)–(9), (22)) do not require any
boundary condition. The mass conservation equations for the gas/
vapor phase species, given the assumption of negligible diffusion,
are characterized by first-order spatial derivatives (convection).
Therefore boundary conditions should be specified for the densities
of steam (eqn. (32)) and volatile products of chemical reactions
(eqn. (33)) and total gas/vapor mass flux (eqn. (34)) only at the
bottom of the lower skin (x ¼ LS1 þ LC þ LS2)

rvjx¼LS1þLCþLS2
¼ 0; (32)

rGjx¼LS1þLCþLS2
¼ 0; (33)

rgujx¼LS1þLCþLS2
¼ 0 (34)

and at the skin/core interfaces (x ¼ LS1 and x ¼ LS1 þ LC):

rvjx¼L�S1
¼ rvjx¼LþS1

; (35)

rGjx¼L�S1
¼ rGjx¼LþS1

; (36)

rgujx¼L�S1
¼ rgujx¼LþS1

; (37)

rvjx¼ðLS1þLCÞ� ¼ rvjx¼ðLS1þLCÞþ ; (38)

rGjx¼ðLS1þLCÞ� ¼ rGjx¼ðLS1þLCÞþ ; (39)

rgujx¼L�S1
¼ rgujx¼LþS1

: (40)

Equations (32)–(34) essentially describe the condition of zero
velocity at the back side of the sandwich panel, which is a conse-
quence of the assumption of constant pressure with a gas flow
directed towards the heat-exposed surface. The conditions at the
skin/core interfaces express the continuity of the species density
and total gas flux.

Boundary conditions should be assigned for the enthalpy
conservation equations at the bottom of the lower skin
(x ¼ LS1 þ LC þ LS2):

�ke
vT
vx

����
x¼LS1þLCþLS2

¼ sejx¼LS1þLCþLS2

�
T4
���
x¼LS1þLCþLS2

�T4
e

�

þ h2

�
T jx¼LS1þLCþLS2

�Te

�
(41)

at the skin/core interfaces (x ¼ LS1 and x ¼ LC þ LS1):

Tjx¼L�S1
¼ T jx¼LþS1

; (42)
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ke
vT
���� ¼ ke

vT
���� ; (43)
Table 2
Physical property values used for numerical simulation.

Parameter Value Reference

Am 5.6 � 108 [s�1] [39]
ca 1100 [J/kgK] [40]
ccs 950 [J/kgK] [47]
cf 840 [J/kgK] [41]
cG 2500 [J/kgK] [40]
cm 4200 [J/kgK] [38]
cp 2500 [J/kgK] [28]
cv 2100 [J/kgK] [38]
d 3.0 � 10�4 (skin) [m] [28]

2.0 � 10�5 (core) [m] [47]
Em 88 [kJ/mol] [39]
kcs 0.77 [W/mK] [47]
km 0.23 [W/mK] [42]
kp 0.31 [W/mK] [28]
MG 95 [kg/kmol] [43]
Ma 29 [kg/kmol] [38]
Mv 18 [kg/kmol] [38]
3cs 0.172 [36,38]
3f 0.465 [33]
3g0 0.15 (skin) [35]

0.773 (core) [31,36,38]
3m0 0.018 (skin) [31]

0.055 (core)
3p0 0.367 [33]
l 2.26 � 106 [J/kg] [38]
rcs 2900 [kg/m3] [38]
rf 2560 [kg/m3] [33]
rp 1749 [kg/m3] [33]
j 0.7 [44]
vx x¼L�S1
vx x¼LþS1

T jx¼ðLS1þLCÞ� ¼ T jx¼ðLS1þLCÞþ ; (44)

ke
vT
vx

����
x¼ðLS1þLCÞ�

¼ ke
vT
vx

����
x¼ðLS1þLCÞþ

(45)

and the heat-exposed surface (x ¼ xab(t)):

�ke
vT
vx

����
x¼x0

¼ jsejx¼x0

�
T4

f � T4
���
x¼x0

�
þ h1

�
Tf � T jx¼x0

�
: (46)

The boundary condition (eqn. (41)) describes the radiative and
convective heat transfer between the bottom side of the sandwich
and the environment. The interface conditions (eqns. (42)–(45))
establish the continuity of temperature and heat flux. Finally, the
boundary condition (eqn. (46)) is assigned at the heat-exposed
surface (x ¼ xab(t)) and describes convective and radiative heating
from a flame at a temperature Tf (an attenuation factor, j, is
introduced to take into account the absorption of the radiation by
the gas/vapor phase). The surface undergoes an ablation process,
in accordance with the experimental observation [19,25,26], with
the complete collapse of the specimen when the glass fibres
attain temperatures above 1103 K (softening temperature). In
reality the problem under study is a moving boundary one where
xab is a function of time and moves from the origin (x ¼ 0)
towards the bottom side of the upper skin with the same speed as
that of the front T ¼ Tcr, where Tcr is an assigned critical
temperature value:

xabðtÞ ¼ 0 for Tð0;TÞ � Tcr and xabðtÞ ¼ xðTcrÞ for Tð0; tÞ> Tcr:

(47)

To facilitate the identification of the processes controlling the
dynamics of the thermal response of the multi-layered composite
system under study, in addition to the case of the panel sandwich
already presented, the case of a single composite-material skin,
exposed to the same thermal conditions, is also considered. The
model equations for this simpler structure are the same as already
presented for the skin with the sole variation in the boundary
conditions at the bottom side where eqns. (35)–(37), (43) are
substituted by:

rvjx¼LS1
¼ 0; (48)

rGjx¼LS1
¼ 0; (49)

rgu
���
x¼LS1

¼ 0; (50)

�ke
vT
vx

����
x¼LS1

¼ sejx¼LS1

�
T4
���
x¼LS1

�T4
e

�
þ h2

�
T jx¼LS1

�Te

�
: (51)

2.5. Physical properties

Similar to the kinetic constants, the sub-models and parameter
values of physical properties, such as specific heat, thermal
conductivity and heat transfer coefficients, to be used in conjunc-
tion with the transport equations, have been obtained from
measurements available in the literature. The property equations
are listed and discussed below while the parameter values are
collected in Table 2. As anticipated, the system under study is the
same as in [31], so that some basic properties (rp, rf, 3f, 3g0) are
derived from this study.

Although the total volume occupied by each single skin and core
remains unvaried as a consequence of the occurrence of moisture
evaporation and chemical reactions, the volumetric fractions
occupied by the polymeric resin (3p) and the moisture (3m) are
assumed to diminish proportionally to the amount of volatile
species produced with a corresponding increase in the volumetric
fraction of the gas/vapor phase (the volumetric fraction occupied by
the glass fibres is constant):

3p þ 3f þ 3m þ 3g ¼ 1 ðskinÞ; (52)

3cs þ 3m þ 3g ¼ 1 ðcoreÞ; (53)

3p

3p0
¼ Yd þ Yc þ Yr

Yd0 þ Yc0 þ Yr
; (54)

3m

3m0
¼ Ym

Ym0
: (55)

There is no specific information about these effects from the
experimental observation. Nevertheless this assumption seems to
be a reasonable one.

The effective thermal conductivity of the skin, keS, takes into
account the combined contribution of the various components, k0e,
and that of radiation in the form already used in previous heat
transfer models for porous media [22]:

ke ¼ k0e þ 4d
3g

1� 3g
seT3; (56)

where d is the pore diameter and e the emissivity which is
a function of temperature [33]:
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e ¼ 0:755þ 2:5� 10�4ðT � 293Þ for T < 1273; (57a)
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Fig. 4. Predictions of the skin effective thermal conductivity, keS, as given by eqn. (56)
(solid line) and measurements [28] (squares and circles) as functions of temperature
(the predictions of eqn. (61) (solid line) for the fibre thermal conductivity, kf, and the
measurements [46] (triangles) are also reported). The predictions of the skin effective
thermal conductivity, keS, according to the formula used in [31] (dashed line) are
included for comparison purposes.
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Fig. 5. Predictions of the specific heat for the skin (cS, eqn. (62)) and the residue (cR,
eqn. (63)) (solid lines) and measurements [28] (squares and circles) as functions of
temperature. The predictions of specific heat for the skin (dotted line) and the residue
(dashed line) according to the formula used in [31] are included for comparison
purposes.
e ¼ 1:0 for T ¼ 1273: (57b)

For the system polymer/gas/moisture on one side (kpgm) and the
glass fibres on the other (kf), a series model is selected:

1
k0e
¼ 3f

kf
þ 1� 3f

kpgm
: (58)

The thermal conductivity of the system polymer/gas/moisture is
described by a parallel mechanism where the component contri-
bution is weighted in accordance with the corresponding
volumetric fraction:

kpgm ¼
3P

1� 3f
kP þ

3g

1� 3f
kg þ

3m

1� 3f
km: (59)

The thermal conductivity of the gaseous mixture is a function of
temperature [45]:

kg ¼ 9:00037� 10�3 þ 5:6263� 10�5T ½W=mK�: (60)

A correlation for the glass fibre thermal conductivity on
dependence of temperature is proposed, based on the measure-
ments reported in [46] over the temperature range 300–1800 K, as
shown in Fig. 4:

kf ¼
1:1þ 2:7� 10�17ðT � 293Þ6
1þ 7:0� 10�18ðT � 293Þ6

½W=mK�: (61)

Fig. 4 also compares the predictions of the proposed model for
the effective thermal conductivity (eqn. (56)) for the skin and the
solid residue, left once the activity of chemical reactions and
moisture evaporation are terminated, with the measurements
reported in [28] over the temperature range 293–973 K. It should
be noted that the parameter kp (Table 2) is selected so as to get the
same measured and simulated value of the effective thermal
conductivity at 293 K. Also, the pore diameter, d, is evaluated
requiring the coincidence of the simulated and measured effective
thermal conductivity at 973 K, when conversion is already
occurred. While the agreement between predictions and
measurements is very good over a wide temperature range for the
keS model proposed here, the apparent-value approach used in the
empirical transport model [31] under-predicts the measured values
at low temperature and highly overestimates those at high
(>500 K) temperature.

The specific heat of the skin, cS, is expressed as a mass averaged
value of the specific heats of the polymer and fibre glass fractions:

cS ¼
3mrmcm þ 3prpcp þ 3f rf cf þ 3grgcg

3mrm þ 3prp þ 3f rf þ 3grg
; (62)

which, once the chemical reactions are completed, for the
remaining part of the skin becomes

cR ¼
3prpcp þ 3f rf cf þ 3grgcg

3prp þ 3f rf þ 3grg
: (63)

Table 2 lists the values of density and specific heat of each
component. In particular, the latter parameters are assumed to be
constant (the fibre glass value of 0.84 J/kgK is obtained from
Ref. [41] for a temperature range 323–573 K). The comparison of the
predictions of eqs. (62) and (63) with the experimental data [28] for
a GRP skin, reported in Fig. 5, shows an acceptable agreement for
both the skin and the final solid residue. On the contrary, the
apparent specific heats used in the empirical transport model [31]
are significantly different from the true physical values and appear
to be not affected by the conversion process except for the effects of
moisture evaporation (skin) simulated by a triangular dependence
on temperature over the range 363–393 K.

The model for the effective thermal conductivity of the core also
takes into account the contribution of the various components and
a radiative term as:

keC ¼ 3cskcs þ 3mkm þ 3gkg þ 4d
3g

1� 3g
seT3: (64)

The results of the keC model (eqn. (64)), in the absence of moisture,
compare well with the experimental measurements reported in
[47] for a calcium silicate board containing vermiculite, as shown
on dependence of the temperature in Fig. 6. In addition to the main
constituents, the density and the kcs values at ambient temperature
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are roughly coincident with those of Vermiculux supporting the
validity of the proposed comparison. As expected, significant
differences can be observed for the empirical expression of the core
thermal conductivity used in [31].

The specific heat for the core, cC, is expressed as a mass averaged
value of the specific heats of the various components (parameter
values again listed in Table 2):

cC ¼
3mrmcm þ 3csrcsccs þ 3grgcg

3mrm þ 3csrcs þ 3grg
: (65)

The experimental results reported in [47] are again used for
comparison with the results of eqn. (65) for a dry material (Fig. 6). It
can be seen that there is an acceptable agreement while the
apparent specific heat expression used in [31] again presents large
discrepancies. Similar to the skin case of Fig. 5, in the presence of
moisture a triangular dependence appears on the temperature
range 363–393 K.

The global heat transfer coefficients, h1 and h2, are computed
from the correlation [48] for vertical slabs:

Nu ¼

2
666640:825þ 0:387Ra1=6

�
1þ

�
0:492

Pr

�9=16�8=27

3
77775

2

; (66)

where Nu, Ra and Pr are the Nusselt, Rayleigh and Prandtl numbers.
All the properties are evaluated at the film temperature as mean
values between the surface and the ambient temperature. The
surface temperature is assumed to coincide with 1273 K for the
computation of h1 and 433 K (reference temperature for the stan-
dard test ISO834) for h2. The lateral heat transfer coefficient hL, is
the average of the h1 and h2 values, where the former is modified to
take into account the blowing effect [49]. The flame temperature, Tf,
versus time profile, imposed at the external surface of the upper
skin, is evaluated from the ‘‘hydrocarbon fire curve’’ [50]:

Tf ¼ 293þ 1080
�

1� 0:325e�0:0028t � 0:675e�0:042t
�
: (67)

Also, again in relation to the behaviour of the heat-exposed
surface, the critical temperature, needed for surface ablation, Tcr, is
taken equal to 1200 K (about 100 K higher than the glass fusion
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Fig. 6. Predictions of the dry core effective thermal conductivity, keC (eqn. (64)), and
specific heat, cC (eqn. (65)) (solid lines), and measurements as in [47] (squares and
circles) as functions of temperature. The predictions of the dry core thermal conduc-
tivity and specific heat according to the formulae used in [31] (dashed line) are
included for comparison purposes.
temperature). It should be noted that the external heating condi-
tions are described by the hydrocarbon fire test curve defined
according to the NPD standard [51] as used in the experiments
[31,33,34] used to validate the model.

2.6. Numerical solution

The numerical solution of the system of differential equations
with initial and boundary conditions is carried out in the frame-
work of the software Matlab (version 6.3). Finite difference
approximations are used for the spatial derivatives (first-order
forward scheme for the convective terms and second-order space-
centered scheme for heat conduction), so that the mathematical
model is reduced to a system of ordinary differential equations.
These are integrated with respect to the independent variable
time by means of the routine ode15s. As soon as the temperature
of the surface elementary cell, subjected to external heating,
becomes higher than Tcr, the external boundary is displaced to the
adjacent cell.

3. Results

Results are presented for the conversion dynamics of a single
GRP panel (LS1 ¼1.09 � 10�2 m, H ¼ 0.9 m), using the experimental
data reported in [33,34] for validation. Then results for the sand-
wich panel (LS1 ¼ LS2 ¼ 9.6 � 10�3 m, LC ¼ 0.04 m, H ¼ 0.9 m) are
produced. In this case the measurements reported in [31] are used
for experimental validation. Time and space distributions of the
main dependent variables are discussed as simulated using the
kinetic parameters for the two-step model given in Table 1 and data
listed in Table 2. Moreover the initial conditions are assigned as in
the experiments used for validation: T0 ¼ 293 K, ra0 ¼ 1.2 kg/m3,
Yd0¼ 0.571, Yc0¼ 0.045, Ym0¼ 0.001 (skin), Ym0¼ 0.099 (core). The
numerical solution of the model equations is carried with a variable
time step determined by a required accuracy level of the solution
evaluated in terms of relative and absolute error by the routine
ode15s of the software Matlab, assigned equal to 10�4 and 10�7,
respectively. The spatial grid comprises 80 cells for each skin and
the core. These characteristics have been selected so as to obtain
grid-independent solutions.

3.1. Single skin system

The main features of the thermal response of the composite-
material skin can be observed from the spatial profiles at several
times of temperature (Fig. 7), solid mass fraction and gas/vapor
mass flux (Fig. 8), moisture evaporation rate (Fig. 9) and polyester
decomposition and combustion rates (Fig. 10). As expected, the
heating of the composite material takes place with significant
spatial gradients. Moisture evaporation, in agreement with the
experimental evidence, is a low-temperature process and, also
owing to the very low content, is very rapid (it terminates at about
450 s). On the other hand, the thermal decomposition of the
polymer is a much slower process and is responsible for the largest
fraction of volatile produced. As already evident from the analysis
of the thermogravimetric data, the combustion of the small amount
of polymeric residue follows at even higher temperatures. As
a consequence of the assumption of constant pressure, the volatile
products generated from moisture evaporation and the chemical
transformations of the polymeric component, flow only towards
the heat-exposed surface.

Apart from the early initial heating transients for the still
unreacted composite solid, the dynamics of the conversion process,
as shown in Figs. 7–10, permit the introduction of three main
temporal periods or conversion regimes. The first (times shorter
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than 200 s) is characterized by a thin surface region where chemical
reactions are under way while a large part of the composite slab
still presents properties at approximately the initial values (fast
heating regime). The second period (times between 200 and 630 s)
is characterized by the presence of a further spatial zone, where the
release of volatile products is terminated and a low-density, inert
zone consisting essentially of glass fibres extends up to the initial
slab thickness (slow heating regime). Finally, for longer times
(>630 s), the third period begins when part of the inert solid, left
behind the chemical and physical transformations associated with
volatile production, is ablated as a consequence of thermal
softening and collapse of the glass fibres once temperatures above
Tcr are attained (ablation regime).

For all the three regimes the wide zone, where thermal
decomposition is under way, acts as an energy sink given its highly
endothermic character. It separates a region of low, almost uniform
temperature (unreacted composite material) from one of high
temperature with large spatial gradients (essentially the region of
inert, already reacted material, since the amount of solid interested
by exothermic combustion is small). From the qualitative point of
view, the mass flux which, for each spatial position, takes into
account the variations in the total gas density and the total amount
of volatile produced (from the bottom up to the selected spatial
position), presents slowly increasing values along the evaporation
zone, a rapid rise along the degradation zone and, finally, a further
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Fig. 8. Predicted profiles of condensed-phase mass fraction (solid lines) and volatile
mass flux (dashed lines) along the single skin panel for several times.
small increase along the combustion zone. For the inert already
reacted zone, the volatile mass flux remains constant at the
maximum value indicating that, at least for this zone, the effects of
total density variation are small.

The temperature profiles along the reacting slab, and conse-
quently the rate of moisture evaporation and the activity of
chemical reactions, are highly influenced by the distance of the
reacting/evaporation zone from the heat-exposed surface. These
effects can be clearly seen from the position of the ablation front
(Fig. 11) and the positions (Fig. 11) and corresponding values
(Fig. 12) of the maxima of the evaporation, thermal degradation and
combustion rates as functions of time. Given the short duration
compared with that of chemical conversion, moisture evaporation
is not influenced by surface ablation. The maximum evaporation
rate, apart from the early peak, continuously decreases owing to the
successively longer distance from the heated surface (Figs. 9 and 12),
but the propagation speed of the maximum (Fig. 11), after the initial
decrease, starts to increase again (t > 200 s) as a consequence of the
enlargement in the size of the evaporation zone (Fig. 9) up to the
entire slab thickness.

Chemical conversion for the fast heating regime is also quite
rapid for a thin superficial layer where chemical and physical
transformations occur at high temperatures (high maximum rates).
The highest propagation speeds of the maximum decomposition
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Fig. 10. Predicted profiles of the decomposition (solid lines) and combustion (dashed
lines) rates along the single skin panel for several times.
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and combustion rates are attained at about 200 and 240 s,
respectively (Fig. 11). Then, for the second regime of slow heating,
the formation of a low thermal conductivity and already reacted
solid layer makes difficult the heat transfer from the external flame
to the reaction zone: volatile formation takes place at lower
temperatures with reduced rates (see the continuously decreasing
maximum value, Figs. 10 and 12) which results in a strong reduction
in the total mass flow rate across the porous solid (Fig. 8). The
propagation speeds of the maximum decomposition and combus-
tion rate also present slightly decreasing values (Fig. 11). The low
thermal conductivity of the upper already reacted solid favors the
rise of the surface temperature until a critical value is attained with
the consequent ablation of the surface (times longer than 630 s).
The reduction in the thickness of the already reacted solid causes an
increase in the rate of inward heat transfer with an enhancement in
the rates of volatile species production (Fig. 12) and in the total gas/
vapor mass flux. Thus, the third period (ablation regime) is char-
acterized by a new increase in the propagation speed of the
maximum reaction rates which, for times longer than 900 s,
become roughly the same or higher than those of the initial period
(Fig. 11). It can be expected that, for the ablation regime, a quasi-
steady behaviour for the propagation rates of the ablation front and
the maxima in the evaporation and reaction rates could be
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Fig. 12. Maximum rates of moisture evaporation, polymer decomposition and
combustion versus time for the single skin panel.
established given sufficiently thick slabs. On the other hand, it can
be observed that the propagation speed of the ablation front is
already approximately constant as long as the effects of the bottom
boundary are small (times shorter than 1000 s).

The comparison between the predicted and measured [33,34]
temperature versus time profiles at three different slab heights
shows a good agreement (Fig. 13), supporting the validity of the
model developed and the correct selection of the input data used
for the simulation. The model predicts well the plateau at about
625 K for the first two more external positions, that can be attrib-
uted to the local endothermicity of the thermal decomposition
reaction (measurements for the position x ¼ LS1 are at times too
short for the beginning of this reaction). The delay in the temper-
ature rise measured at x ¼ LS1/2 and x ¼ LS1 at lower temperatures
can again be attributed to the energetics of thermal decomposition
occurring at the above layer. Apart from the small content, the
effects of moisture evaporation are not clearly evident from both
the measured and predicted shape of the temperature profiles,
presumably because of the fast heating rates and the large spatial
gradients.

The results of the empirical model [33] are also included in
Fig. 13 for comparison. Although the comparison between predic-
tions and experiments is also acceptable, it should be kept in mind
that the empirical model, apart from the numerous simplifications
in the description of chemical and physical processes, is based on
apparent values of the most important properties, i.e. kinetic
parameters (Fig. 3), effective specific heats and thermal conduc-
tivities (Figs. 4–6) which are used, in some way, as adjustable
parameters to obtain the best fit between model predictions and
measurements. On the contrary, the model proposed here makes
use of intrinsic property values and considers an explicit descrip-
tion of the main chemical and physical processes for the system of
interest. Therefore it offers a sound basis for further extension to
different operating conditions and/or materials.
3.2. Sandwich panel

The temperature profiles along the sandwich panel, as simu-
lated for several times, are reported in Fig. 14 (solid lines). For
comparison purposes the profiles along the upper skin, as simu-
lated for the case of the single skin panel, are also shown (dashed
lines). It can be seen that these are not significantly affected by the
multi-layer features of the sandwich. Heat transmission across the
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Fig. 13. Predicted (solid lines) and measured ([33,34], symbols) temperatures versus
time profiles at three spatial positions of the single skin panel. The predictions
obtained by the model [33] (dashed lines) are included for comparison purposes.
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0 2000 4000 6000 8000 10000 12000
250

300

350

400

450

500

 This study

[31]

LS1
+LC+LS2

x=LS1
+LC

T
 
[
K

]

t [s]
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[31] (dashed lines) are included for comparison purposes.
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core is a quite slow process, owing to its lower effective thermal
conductivity, especially for the first two conversion regimes of the
upper skin when the surface temperature remains below the value
Tcr. The spatial profiles of the moisture evaporation rate (Fig. 15), the
sole conversion process taking place along the core, show
maximum values and propagation speeds of the evaporation region
that are initially (first two conversion regimes of the upper skin)
successively reduced. Then, as a consequence of the complete
ablation of the upper skin, an absolute maximum is reached (at
about 1200 s), followed by a reduction in the progress of moisture
evaporation as a consequence of the successively thicker layer of
already dried and low-conducting core. Although complete drying
of the core and the lower skin can be observed for about 3600 s,
a steady temperature profile is attained only for times longer than
about 7200 s. It can be noted that the lower skin always remains at
temperatures too low for any chemical transformation.

The comparison between the measured [31] and the simulated
temperature versus time profiles at the cold bottom of the sand-
wich panel shows good agreement (Fig. 16). The temperature starts
to rise for times longer than 2000 s when the upper skin does not
exist any more. Therefore the dynamics of the heat-exposed skin
affect the bottom side of the sandwich panel only indirectly
through the variations caused in the thermal profiles along the
core. For times of about 3000 s, the measured profile shows
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Fig. 15. Predicted profiles of the moisture evaporation rate along the sandwich panel
for several times.
a plateau around 373 K, the atmospheric water boiling point. It is
likely that moisture evaporation takes place simultaneously along
the entire thickness of the skin given the very slow heating rates
and the reduced spatial gradients. However, the Arrhenius rate of
moisture evaporation employed by the model does not describe
well this feature and consequently a slightly faster temperature rise
is predicted. Also, as already observed from the spatial profiles, it
can be seen that the smaller the distance from heated surface the
shorter the time for steady conditions and the higher the steady
temperature value. Finally, the comparison between measurements
and simulations of the model [31] shown in Fig. 16 is also accept-
able but this model presents the drawbacks already discussed for
the single skin panel.
4. Conclusions

Despite the great industrial importance of the thermal response
of sandwich panels exposed to fire and the widely acknowledged
usefulness of mathematical modelling for the determination of the
controlling mechanisms needed for material/structure design,
a brief review of the literature shows that current predictions of the
process dynamics are based only on a purely empirical approach.
Indeed, the model [31] for a GRP–Vermiculux sandwich, apart from
the simplifications in the formulation of the differential equations,
makes use of apparent specific heats and thermal conductivities
and guessed chemical kinetics for a single assigned condition. In
this way, the effects cannot be predicted, as caused by modifica-
tions in the fire exposure conditions and/or size and properties of
the sample. Hence a significant advancement in the state of the art
is represented by the model developed and experimentally vali-
dated in this study. It is a predictive comprehensive model, based
on a rigorous formulation of the conservation equations and the use
of intrinsic chemical and physical properties, for multi-layered
systems subjected to fire that, in principle, can be applied to
a variety of practical situations by simply varying the input data.
The multi-layered system used here is the same as in [31]. In
addition to the obvious implications from the practical side, this
system has been selected because experimental measurements are
available for the most important physical properties and the weight
loss characteristics of the polymeric component of the skin, that
can be used for the development of reliable sub-models to be
coupled with transport equations, and for the temperatures of the
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single skin and sandwich panels, that can be used for the experi-
mental validation of the comprehensive model.

Thus weight loss data of isophthalic polyester (the polymeric
compound of the skins) in air have been interpreted by a kinetic
mechanism consisting of a first-order decomposition reaction and
an n-order combustion reaction both with an Arrhenius-type
dependence on temperature giving activation energies of 128 and
150 kJ/mol, respectively. Also models have been proposed and
validated for the effective thermal conductivities and specific heats
of the composite materials constituting the skins and the core of
the sandwich panel. The kinetic model and the sub-models for the
physical properties have been coupled with the unsteady, one-
dimensional conservation equations taking into account heat
transfer by convection and conduction, convective mass transfer,
surface heat transfer, moisture evaporation, and ablation of the
heat-exposed surface at a critical temperature.

The agreement between measured and predicted temperature
versus time profiles for the composite skin and the sandwich panel
is good without any modification in the intrinsic chemico-physical
properties. Moreover, it has been found that the dynamic behaviour
of the sandwich panel is largely determined by the heat-exposed
skin. This undergoes three main regimes: I) very rapid conversion
of a thin surface layer, II) slowing down of the conversion processes
following the formation of a thick insulating fibre glass layer and III)
a new enhancement in the reaction rates as a consequence of
surface collapse and ablation. However, as the experimental vali-
dation is limited to only a single case for both the skin panel and the
multi-layered sandwich structure, it is highly desirable that in
a near future more experimental data will be made available to
strengthen the evidence of the general validity of the proposed
model.

The successive applications of the comprehensive model pre-
sented and experimentally validated here should also investigate
the model sensitivity to the assumptions made in the description of
the various processes and parameter values. In particular, the
effects of the uncertainty in the boundary conditions at the heat-
exposed surface should be ascertained given the prominent role
played by the external heating intensity and modality on the
thermal response of the material. Other aspects to be investigated
concern, for instance, the role of thermal and oxidative decompo-
sition of the polymeric resin, moisture evaporation and the model
for the effective thermal conductivity of the material. Results could
help in the development of reliable simplified models that can be
extended to include structural effects and/or can be used in
conjunction with computational fluid dynamics tools to simulate
a large-scale fire scenario. A parametric analysis could also be
particularly useful to evaluate the influence of the sandwich char-
acteristics on the fire response. Finally, the proposed transport
model could be the basis for further development and simulation of
sandwich systems based on different materials.
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