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A 1-D transient mathematical model was studied for a composite system consisting of
( )a substrate steel and an intumescent coating exposed to radiati®e heating. By applying

a simple heat conduction equation for the first material, a general model proposes the
coating consisting of three components, which degrade according to independent finite-
rate reactions. Mass and heat transfer take place across a ®ariable ®olume medium,
including a simplified mechanism for bubble dynamics and material swelling. A para-
metric analysis clarifies the role of se®eral parameters on the fire retardancy perform-
ance of the coating. Good agreement is obtained between predictions and measure-
ments of the substrate temperature profiles.

Introduction

Ž .Intumescent materials are applied Kandola et al., 1997 in
Žthe form of coatings for the surface of substrates Cagliostro

.et al., 1975; Anderson et al., 1988 or as additives during
polymer preparation prior to fabrication into a product
Ž .Camino et al., 1984; Siat et al., 1998 . When exposed to heat,
these materials undergo swelling with the formation of cellu-
lar char. This behavior, indicated as intumescence, is a con-

Ždensed phase mechanism of flame retardancy Weil et al.,
.1996; Horrocks, 1996; Lewin, 1998 , because char formation

reduces material flammability first by reducing the amount of
volatiles generated. In addition, the char layer acts as a phys-
ical barrier which greatly reduces heat transfer to the under-
lying virgin material and hinders, on the one hand, the pas-
sage of combustible volatiles and molten polymer towards the
flame and, on the other hand, oxygen diffusion inside the
solid.

Usually, three basic components are employed in the syn-
thesis of intumescent materials: a catalyst, a charring mate-

Žrial, and a swellingrblowing agent Weil et al., 1996; Hor-
.rocks, 1996; Lewin, 1998 . During degradation, a viscoelastic

phase is formed, followed by swelling and charring, both of
Žwhich should be properly synchronized Anderson et al.,

. Ž .1998 . Devolatilization blowing agent should not occur be-
fore a viscoelastic state is attained, so that the volatiles are
trapped in the form of bubbles, but should be completed be-

Ž .fore significant solidification charring of the material takes
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place. Properties, in particular, viscosity, of the molten phase
are important in relation to both swelling and char character-
istics. For instance, if the molten viscosity is too high, swelling
does not occur. On the hand, if it becomes too low, large
cells are formed during the swelling process and the resulting
char may be very frangible, so losing its insulation properties.

Given the low environmental impact, a great deal of activ-
ity is under way on the development and testing of intumes-

Žcent materials a collection of articles regarding this sector is
.reported in Le Bras et al., 1998 . It can be understood that

the interaction between chemistry and transport phenomena
plays a key role in effecting intumescent behavior. Hence,
transport models could be useful tools for synthesizing intu-
mescent materials and predicting their reaction to fire. How-

Ž .ever, a recent review Di Blasi, 2000a , shows that only very
simplified descriptions of physical processes based on a one-
dimensional enthalpy equation coupled with different rela-

Žtions for volume variation are available Cagliostro et al.,
1975; Anderson and Wauters, 1984; Buckmaster et al., 1986;

.Mameleev and Gibov, 1998 .
All the transport models of intumescent systems have been

applied for coatings and very limited model sensitivity analy-
sis and validation have been carried out. In particular, pre-
dictions of the process dynamics in terms of the main vari-

Žables of interest temperatures, chemical species, velocity,
.sample volume have never been presented, apart from the

time evolution of the substrate temperature. Such predictions
are qualitatively sound, but no quantitative agreement is
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shown with measurements unless strong alterations in the
Žcoating thermal conductivity and kinetic constants and reac-

. Ž .tion energetics are introduced Cagliostro et al., 1975 , or a
large shift in time is made to match theory with experiments
Ž .Anderson and Wauters, 1984 . Nonetheless, agreement is still
fair, especially for high temperatures. Despite the industrial
interest in the use of intumescent additives in synthetic poly-
mers, experimental data needed for the formulation and the
application of mathematical models are not yet available, that

Žis, input parameters physical properties and reaction kinet-
. Žics and measurements for model validation for instance,

temperature profiles for conditions where both transport
.phenomena and chemical kinetics are important .

The failure of the current intumescent coating models to
give quantitative predictions and the lack of sufficient data
for intumescent polymers have motivated the use of the sys-

Ž .tem considered by Cagliostro et al. 1975 as a starting point
for this study, the purpose of which is to present a more ad-
vanced model for intumescent systems. It couples the degra-
dation dynamics of three components with the basic trans-
port equations written for a 1-D variable-volume system in-
cluding a simplified bubbling mechanism. It is shown that this
more accurate description of physical and chemical processes
allows quantitative agreement to be obtained between the
predicted and the measured substrate temperature profiles.
Furthermore, a parametric analysis, carried out in order to
clarify the influences of the main parameters and model as-
sumptions on the thermal response of the system, indicates

Ž .that coating size swelling and initial thickness and radiative
heat transfer across the highly porous char are the predomi-
nant factors for the substrate thermal response.

The Problem
The 1-D composite system of interest is formed by a sub-

strate of thickness � and an intumescent coating of initials
Ž .thickness � ts0 , whose upper surface is exposed to ra-c0

Ž .diative heating. For a given instant t�0 , three zones ap-
pear along the coating thickness, that is, the virgin, the reac-

Ž .tion, and the reacted zone Figure 1 . Along the virgin zone,
the temperature is too low for any significant chemical or
physical transformation. In the reaction zone, the material
decomposes into small amounts of volatiles and a molten
phase intermediate. When the temperature is further in-
creased, the molten phase begins to evaporate and gas bub-
bles appear, which, on dependence of the molten properties,
grow and cause swelling. Indeed, for even higher tempera-
tures, solidification of the swollen material is observed, so
that the reacted zone consists of a cellular char structure.

Chemical Reactions
The chemistry of the intumescent material is the same as

Ž .that proposed by Cagliostro et al. 1975 . The material con-
sists of three components, S , S and S , present in propor-1 2 3
tions Y , Y and Y , which degrade according to three in-10 20 30
dependent reactions

S k1 V , S k2 V , S k3 � Cq� V r1�r3Ž .1™ 1 2™ 2 3™ c ® 3

Figure 1. 1-D substraterrrrrintumescent coating system.

Ž .corresponding to melting with volatile release , swelling and
Ž .charring again with some volatile release , respectively. V ,1

V , and V are lumped volatile species and C is the charred2 3
solid residue. The experimental weight-loss curve reported by

Ž . Ž .Cagliostro et al. 1975 heating rate 6Krmin has been used
to estimate the kinetic parameters for reactions r1�r3,
through numerical solution of the conservation equations for
the condensed-phase species and a direct method to mini-
mize the objective function. The new set of kinetic constants
is, in practice, coincident with that reported by Cagliostro et

Ž .al. 1975 , including a second-order rate for component S ,2
probably owing to the global character of the reaction mech-

Ž .anism. Hence, this Table 1 is used here to facilitate the
comparison with previous published simulation results. It is
worth noting that the occurrence of intumescence is related
to the material properties through the temperature interval
where the decomposition of the component S takes place,2
but the process should be defined by further assumptions.

Mathematical Description of Transport Phenomena
The chemistry of reactions r1�r3 should be coupled with

the description of transport phenomena. Compared with the
Ž .thermal model by Cagliostro et al. 1975 , where the effects

of volume variations, described by means of an empirical re-
lation, were simply treated in terms of an ‘‘effective’’ thermal
conductivity for the enthalpy conservation equation, a gen-
eral formulation is presented here of the finite-difference
equations for heat and mass transport for systems with vari-
able volume.
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Table 1. Kinetic Constants and Physical Properties of
Coating and Substrate�

Kinetic Constants and Physical
Reaction Enthalpies Properties
y1Ž . Ž . Ž . Ž .A s 800 q c kJrkg �K 1.884 q1 c

Ž . Ž . Ž . Ž .E kJrmol 53.384 q c kJrkg �K 1.63 q1 fy1 5Ž . Ž . Ž . Ž .A s 6.9�10 q c kJrkg �K 0.42 q2 s
Ž . Ž . Ž . Ž .E kJrmol 93.035 q c kJrkg �K 1.00 q2 g

�y1Ž . Ž . Ž .A s 5.0 q � 0.303 c0 y3Ž . Ž . Ž . Ž .E kJrmol 63.786 q � kWrm �K 0.345�10 q3 c0 y3Ž . Ž . Ž .� 0.784 q � kWrm �K 0.067�10 qC f y3Ž . Ž . Ž .� 0.216 q � kWrm �K 37.68�10 qG s
� 3Ž . Ž . Ž . Ž .�h kJrkg y1256 � kgrm 1400 q1 c0
�Ž . Ž . Ž .�h kJrkg y1256 e 1.00 q2 c0

Ž . Ž . Ž .�h kJrkg 9789 q e 0.80 q3 f
�y6Ž . Ž . Ž .Y 0.28 q d m 5.00�1010 c0

�y6Ž . Ž . Ž .Y 0.17 q d m 325.0�1020 f
�Ž . Ž .Y 0.55 q E 3.0030
�Ž .� 1.00

�y3Ž . Ž .W , W kgrmol 30�10V 2 g
�Ž .	 1

�2Ž . Ž .h kWrm 20
2Ž .Q kWrm 157

y2Ž .� m 0.2�10c0 y2Ž .� m 0.15�10s

� Ž . Ž .Values obtained from Cagliostro et al. 1975 q or estimated in this
Ž�.study .

Ž .The coating is discretized into a number n of elementary
cells, as shown in Figure 2, of volume V s A� x , where A isi i

Ž . Ž .the constant cross section and � x is the variable size ofi
the cell along the coating thickness. With reference to the

Želementary volume V , for a generic variable 
 for instance,i
.the density of volatile species , the conservation equation can

be written as

�� V 
i i i s A W 
 yW 
 q A N yN qV � ,Ž . Ž .iy1 iy1 i i iy1 i i i� t

is1, n 1aŽ .

where W and N are the convective and diffusive mass flux,
respectively, and � is the sinkrsource term. The first contri-
bution on the right-hand side is the convective transport, the
second is the diffusive transport, and the third is the net pro-
duction. The final form of the equation is then

1 �� � x 
 W 
 yW 
 N yNŽ . Ž .i i i i i iy1 iy1 iy1 isy q q� ,i� x � t � x � xi i i

is1, n 1bŽ .

Figure 2. Finite difference discretization of the compu-
tational domain for the coating.

The accumulation term can be expressed as

1 �� � x 
 �� 
 � 
 �� xi i i i i i i is q 2Ž .
� x � t � t � x � ti i

where the second contribution at the righthand side is for-
mally equivalent to convective transport. Given the increase
in the volume, it has a negative effect for the accumulation of

Žthe conserved variable that is, concentrations or tempera-
.tures tend to become lower because of this effect . In addi-

tion, the increase in the size of the spatial cell, as a conse-
quence of the swelling process, causes lower fluxes and con-
sequently, lower spatial gradients of the conserved variable.

In the formulation of the conservation equations for the
condensed-phase species it is assumed that the related mass
is always associated with the same elementary control vol-
ume. Thus, though the apparent species density varies as a

Ž .consequence of the swelling process volume variation , con-
Ž .servation equations in terms of mass fractions Y , Y , Y , Y1 2 3 C

should only account for the net generation due to chemical
reactions

� Y � Y � Y1 2 32syK Y , syK Y , syK Y ,1 1 2 2 3 3� t � t � t

� YC s� K Y 3�6Ž .c 3 3� t

where

K s A exp yErRT , js1, 3 7a�7cŽ .Ž .j j j

Ž .Equations 3�6 should be written for each elementary cell.
In order to specify the mathematical model for this prob-

lem, some assumptions are made in the treatment of the con-
Ž .vective transport and the swelling bubbling process. The rate

of viscous flow through the charred zone takes place without
Žsignificant overpressure, given the large void fraction per-
Žmeability depends on the third-order power of porosity Col-

.lins, 1961 . Mass transfer of the volatiles inside the degrading
Žregion also occurs at a constant pressure but with volume

.variation and includes vapor accumulation in the form of
bubbles. More precisely, while the volatiles evolving from the
component S and S leave the degrading material instanta-1 3
neously, part of the volatile mass produced by the compo-
nents S gives rise to the formation of bubbles, which occupy3

Ža volume computed according to the ideal gas law given a
.certain temperature . Local release of bubble volatiles takes

place only when complete degradation of the component S2
Ž . Žhas occurred Yang et al., 1995 . During solidification char-

.ring , the pressure usually grows with rupture of the bubble
Ž .walls. Bubbles roughly maintain their shape volume which,

however, becomes open and the pressure lowers to ambient
Ž .values Mamleev and Gibov, 1998 . In order to simplify the

mathematical description of the problem, the effects of the
momentaneous overpressure are again neglected. As will be
shown, this simplified bubbling mechanism requires only one
or two empirical parameters, whose role on process dynamics
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and characteristics will be assessed through a sensitivity anal-
ysis.

In addition to the condensed-phase mass conservation
Ž .equations Eqs. 3�6 , equations are also needed for the vol-

Ž .ume per unit surface occupied by bubbles � , and con-b
Ždensed phase � , the total cell volume and the void frac-l s

.tions are determined in consequence , the total gas density � ,
Žthe gas velocity u, and the temperature T the solid, molten

and vapor phases are assumed to be in thermal equilibrium,
as the condensed phase volumetric heat capacity is much

Ž ..larger than that of the gas phase Ellard, 1973 . If the densi-
ties of the gas-phase species are also required, further mass
conservation equations should be considered.

For each elementary control volume, the bubble volume
Ž .per unit surface �b is obtained from the state equation,i
where the partial pressure of the volatile component V is2
assumed to be at the atmospheric value

M Y yY RRTŽ .0 20 2 i i
A�b s� � x FE� x , is1, n 8Ž .Ž .i i 0P W0 V 2

It can be observed that no bubbles are present until the
Ž .degradation of S begins Y sY . Successively, the bubble2 2 i 20

volume increases because of the increase in both the amount
of volatiles evolved and the temperature. The parameter � is
empirical and accounts for the partial contribution of the
volatiles evolved from component S in the swelling process.2

Ž .If a further empirical parameter E expansion factor is in-
troduced to limit the maximum volume expansion, succes-
sively higher values of � can be used to make the swelling
process faster. It is also assumed that the volume occupied by
the condensed phase decreases in proportion to the de-
volatilized mass

� s 1y� � Y qY qY qY , is1, n 9Ž .Ž . Ž .l si c0 l s0 1 i 2 i 3 i c i

and consequently the total cell size and void fraction can be
expressed as

�b q� x y�i 0 l s i
� x s� x q�b � x FE� x , � s ,Ž .i 0 i i 0 i � xi

is1, n 10�11Ž .

The total volatile density � is obtained from the state equa-
tion as

W Pg 0
� s , is1, n 12Ž .i RRTi

The total continuity equation is used to evaluate the gas
velocity u and is expressed as

1 �� � x � u � yu �Ž .i i i i i iy1 iy1sy q	 , is1, n 13Ž .i� x � t � xi i

where 	 , the production term, is due to the devolatilizationi

of the three components

M � Y � Y M0 1i 3 i b i
	 sy q q , is1, n 14Ž .i ž /A� x � t � t A� xi i

Particular care is needed for the definition of M , that is, theb
rate of volatile production responsible for the bubbling. In
the first stage, when swelling is under way, it is expressed as

� Y2 i
M sM 1y� Y G0, � x � E� x 15aŽ . Ž .Ž .bi 0 2 i i 0� t

For longer times, volatiles produced from the decomposition
of S in excess with respect to the amount necessary to attain2
the maximum expansion for a given cell are instantaneously
released

� Y2 i
M sM Y G0, � x sE� x 15bŽ .Ž .bi 0 2 i i 0� t

Finally, when decomposition of the component S is com-2
pleted, volatiles retained by the material during the swelling
process are also released and M is expressed asb

� Y2 i
M sM � Y s0, � x sE� x 15cŽ .Ž .Ýbi 0 2 i i 0ž /� tj js1, nb

Ž .where j is the time index and varies from 1 ts� t to n forb
Ž .the time tsn � t corresponding to the attainment of theb

maximum cell size.
Assuming that volatile species V , V and V present the1 2 3

same properties, the enthalpy conservation equation can be
written as

�� � � x hM � Y h qY h qY h qY hŽ . i i i g i0 1 i 1 i 2 i 2 i 3 i 3 i C i C i q
A � t � t

s � u h y� u h q q yqŽ .Ž .iy1 iy1 g iy1 i i g i iy1 i

y� YM � Tji0 i�q �h , q sy� , is1, n 16, 17Ž .Ý j i iž /A � t � xj

where h sc T , js1, 2, 3, C and h sc T .ji j i g i g i
The effective thermal conductivity is described according

to the model specifically developed for intumescent coatings
Ž .by Anderson et al. 1988

� �c0 g�� s 18Ž .
1y� � q��Ž . g c0

Ž .For low porosities and conversion , the medium thermal
conductivity is nearly the same as that of the virgin coating,

Ž .and as the porosity increases high conversion and swelling ,
Ž .it approaches that of the gas volatiles . However, given the

high porosity of char and the high temperatures of fire-level
heat fluxes, radiative heat transfer may become very impor-

Ž .tant. Therefore, the model given by Anderson et al. 1988
has been extended to include a radiative contribution ex-

Ž .pressed as Di Blasi, 1996a
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� � dc0 g c� 3� s q13.5
 T 19Ž .
1y� � q�� �	Ž . g c0

where

YC
d sd 1y� qd � , �s 20a�20bŽ . Ž .c c0 f � Yc 30

ŽThe gas thermal conductivity is a function of temperature Di
.Blasi, 2000b

� s4.815�10y7 T 0.717 21Ž .g

For comparison purposes, two further models for the ef-
fective thermal conductivity applied for charring materials are
also considered. In the first, a linear variation is assumed be-

Žtween the virgin material and the final char values mixture
. Ž . Ž .rule as in Di Blasi and Wichman 1995 and Di Blasi 1996b

��s 1y� � q�� , � s�� q 1y� � , �sY qY qYŽ . Ž .c g c c0 f 1 2 3

22a, 22b�23Ž .

Ž .In the other model Curtis and Miller, 1988 , a depend-
ence on the porosity is again assumed

�
�g�� s� 24Ž .c0 ž /�c0

The substrate is an inert, nonporous material and the only
process of interest is unsteady, 1-D heat conduction through

Ž .a constant volume and property medium

� T � � Ts s
c � s� 25Ž .s s s ž /� t � x � x

which can easily be approximated into a finite difference for-
mulation.

The partial differential equations for the degrading coating
and the inert substrate are coupled by boundary conditions at

Ž .the interface xs�s

� T � Ts �� us0, T sT , � s� 26�28Ž .g s s � x � x

which correspond to the impermeability, the continuity of
temperature between the two media, and the heat flux bal-
ance, respectively. Other boundary conditions are also
needed. At the bottom surface, the substrate is thermally in-
sulated, that is, a condition of zero heat flux is imposed
Ž .Cagliostro et al., 1975 . At the upper surface, heating is de-
scribed by a heat flux balance which accounts for external

Ž .heat radiation Q , surface re-radiation and convective cool-

ing

� T
� 4 4� sh T yT q
 1y e T yT q eQ,Ž .Ž . Ž .e e� x

es 1y� e q�e 29�30Ž . Ž .c0 f

The system of differential equations is approximated by fi-
nite differences and the solution is handled by an operator-

Ž .splitting method originally proposed by Yanenko 1971 and
whose validity in the numerical simulation of reactive systems

Ž .has been already ascertained Wichman, 1991 . The produc-
Žtion terms and the effects of volume variation ordinary dif-

.ferential equations are afforded by the implicit Euler
method, whereas transport phenomena are treated by the im-

Ž .plicit hybrid scheme Patankar, 1980 . This scheme, applied
to convectionrdiffusion equations, guarantees stability, con-
vergence, and consistency of the numerical solution. Accu-
racy is also guaranteed by a proper selection of the space and
time discretization steps. It is also worth noting that the
swelling of each elementary control volume of the integration
domain does not introduce any particular obstacle in the
computation of the solution as, contrary to the case of mov-

Ž .ing boundary Stefan problems Carlslaw and Jaeger, 1980 ,
the boundary is not associated with a predefined value of a

Ž .process variable for instance, temperature . On the other
hand, the numerical solution of finite difference systems with

Žvariable grid is not critical in terms of accuracy Patankar,
.1980 .

Results
As a reference case, a composite system coatingrsubstrate

Ž .is examined with properties Table 1 in large part derived
Ž .from Cagliostro et al. 1975 . They are representative of steel

Ž .substrate and a coating specifically developed for aerospace
applications. The heating conditions again reproduce those

Ž .used by Cagliostro et al. 1975 , with a radiative heat flux of
157 kWrm2, � s0.2�10y2 m, and � s0.15�10y2 m. Thec0 s
volume expansion factor E for coatings used in the aerospace

Žindustry is reported to vary in the range 1�9 Anderson et al.,
.1988 , and a value of 3 with �s1 is chosen for the reference

case.
Simulations have been made by varying model parameters,

Ž .such as E and � bubble mechanism , the coating thickness,
and the thermal conductivity model, whereas a sensitivity
analysis is given for the coating properties and the kinetic
constants of the degradation reactions r yr . Finally, com-1 3

Žparisons are made of the predicted and measured Cagliostro
.et al., 1975 substrate temperature profiles on the depend-

ence of time. All the simulations have been carried out with a
time step of 5�10y4s and initial space steps of 8�10y6 m,
giving grid-independent solutions for the reference case.

Process Dynamics
Details of time and space evolution of the variables of in-

terest are given as simulated by the previously introduced
conservation equations with the effective thermal conductiv-

Ž .ity model proposed by Anderson et al. 1988 including the
Žradiative contribution Eq. 19, in the following indicated as

. Žmodel A . The heating dynamics of the substrate reference
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Figure 3. Time profiles of substrate temperature T ,s
temperature of coating at irradiated surface,
T , and time derivative of the substrate tem-f
perature.

.case are shown in Figure 3 by means of the profiles of the
substrate temperature at the coatingrsubstrate interface and

Žits time derivative the temperature of the substrate is spa-
tially uniform; thus, the interface evolution is representative

.of the thermal history of the substrate at all locations . For
comparison purposes, the time profile of the coating temper-
ature at the surface T is also shown. The characteristics off
volatile formation are shown in Figure 4, through the time

Žprofiles of the global devolatilization rates dY rdt andV T
dY rdt, ks1,3, respectively, where the total coating massV kT
fraction Y refers to all the components and Y refers toT kT

.each of the three components . The process roughly consists
of three stages. In the first, which lasts about 27 s, the mass
loss is negligible and the substrate heating rate attains a max-

( )Figure 4. Time profiles of global dY rrrrrdt and compo-V T
( )nent dY rrrrrdt, ks1, 3 volatile formationVkT

rate.

( )Figure 5. Temperature T dashed-dotted lines and ve-
( )locity u solid lines profiles along variable

coating thickness for several times.

Ž .imum indicated in the following as d of about 2.4 Krs. In1
the second stage, a decrease in the substrate heating rate is
followed by a region characterized by an almost constant value
Ž .times shorter than 143 s . The duration of the second stage
Ž .116 s , indicated in the following as delay time t is alsod
delimited by the two local maxima in the global coating de-
volatilization rate and gives rise to a mass loss of about 50%
Ž .of the initial coating mass . The dynamics of component evo-

Ž .lution Figure 4 shows that their degradation occurs simulta-
neously, but a large amount of the volatile mass evolved in
this stage is essentially due to decomposition of S and S .1 2
Finally, in the third stage, a new increase in the substrate

Žheating rate is observed with a maximum indicated in the
.following as d of about 2.6 Krs and the attainment of steady2

conditions. In this stage, the slow devolatilization rates are
associated with small amounts of volatiles evolved, mainly as
a consequence of the decomposition of component S . As3
expected, heating rates at the coating surface are very high
Ž .up to 250 Krs .

The time evolution of temperature and gas velocity along
Ž .the coating thickness reference case is shown through Fig-

ure 5. The high value of the applied radiation intensity re-
sults in temperatures sufficiently high for the onset of the
degradation process at very short times at least for a superfi-
cial coating layer. In accordance with the degradation kinet-
ics, the degradation of components S precedes that of the1
components S , which, in turn, precedes that of component2

Ž .S not shown . Given the presence of high-temperature gra-3
dients along the coating thicknesses, as already observed in
Figure 4, the degradation of the three coating components
occurs simultaneously, although maximum rates are observed
at different, time-dependent, spatial locations.

The first and second process stages are characterized by
very high spatial temperature gradients and large gas veloci-

Ž .ties high coating devolatilization rates . Coating expansion is
a very fast process and is practically completed in a time of
151 s, when about 26% of the component S is not yet de-2
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volatilized. Its duration is slightly longer than that corre-
sponding to the first and second stages of substrate heating.
The high spatial temperature gradients during the initial pro-
cess transients are due, above all, to coating swelling which
makes inward heat transfer from the heated surface more
difficult. Indeed, a continuous reduction in the first contribu-

Ž .tion of the effective thermal conductivity Eq. 19 is observed,
associated with an increase in the medium porosity. In the
second place, during these initial stages, a large quantity of
volatiles is released and the convective transport of hot gases
from the degrading coating results in a significant cooling ef-
fect.

The third slow stage corresponds essentially to solidifica-
Ž .tion charring of the swollen coating with temperatures along

the composite system approaching the surface value. In this
Ž .process stage times longer than 143 s , gas velocities are

rapidly reduced and heat transfer takes place across a con-
stant volume medium. The high temperatures and porosities
attained along the upper part of the charred coating make
the radiative contribution in the effective thermal conductiv-
ity large, so that spatial temperature gradients are rapidly re-
duced.

The temperature of the substrate is mainly determined by
the thermal evolution undergone by the coating while de-
grading. Thus, volatile release and swelling cause a signifi-
cant reduction in the rate of temperature increase for a cer-

Ž .tain time interval t s116 s, Figure 3 . The contribution givend
by swelling to the delay in the substrate heating rate is the
most important feature derived from the use of intumescent
coatings. This delay also causes a retardancy is unwanted re-
actions, when intumescent coatings are used to protect explo-
sives or highly reactive systems, thus increasing the escape
time. For instance, for fires in aircraft carriers, weapons make
the risk particularly high in terms of human life and eco-

Ž ..nomic damage Anderson and Wauter, 1984 and an im-
Žprovement in ‘‘cook-off’’ detonation caused by reaction

.exothermicity even if external heat sources are removed is
very important. Indeed, under fire conditions, after certain
transients, the substrate temperature will always attain very
high values and burningrexplosion cannot be avoided.

Influences of the thermal conducti©ity model and
comparison between predictions and measurements

A comparison is made of predictions from different models
of the effective thermal conductivity. They are the model de-
veloped by Anderson with the inclusion of the radiative con-

Ž .tribution Eq. 19, Model A , the model developed by Ander-
Ž .son with no radiative heat transfer Eq. 18, Model B , the

Žmodel based on the so-called ‘‘mixture rule’’ Eq. 22, Model
. Ž . ŽC , and the model proposed by Curtis and Miller 1988 Eq.

.23, Model D . Results in terms of the time profiles of sub-
Žstrate temperature and total coating mass fraction data as in

.Table 1, reference case are shown in Figure 6. Parameters
Ž .characterizing the heating process d , d , t and t as simu-1 2 d s

lated by Models A�D are reported in Table 2. A comparison
between the predictions of Models A and B indicates that
the initial heating transients are not affected by radiative heat

Ž .transfer about the same values for d . On the contrary, ra-1
diation highly affects the substrate temperature evolution
once charring begins with maximum heating rates becoming

Figure 6. Time profiles of substrate temperature T ands
total coating mass fraction Y for differentT
models of the effective thermal conductivity.

Ž . Ž . Ž .Model A Eq. 19 , Model B Eq. 18 , Model C Eq. 22 , and
Ž .Model D Eq. 24 , and other conditions.

about 2.6 times faster. In the absence of radiation, for times
longer than 250 s, the temperature profile becomes linear

Žalong the degrading coating thickness this feature is also
.shown by Models C and D and times needed to achieve

steady conditions are much longer. The delay in the substrate
temperature rise and the swelling time also become longer
Ž .factors of about 1.3 and 1.2, respectively . On the whole, the
radiative contribution highly affects the heating process once
charring begins. Consequently, owing to the presence of spa-
tial temperature gradients along the coating thickness, the
intumescent behavior is also influenced. Differences in the
coating weight-loss dynamics are also large.

Models C and D do not include any radiative contribution.
Hence, their predictions are compared with those of Model
B. Model C predicts higher effective thermal conductivities
for the virgin coating. Thus, d is about 2 times higher. The1
faster initial stage also gives rise to shorter delay and swelling

Ž .times by factors of about 1.6 . Substrate heating becomes
extremely fast when Model D is used, so that the intumes-
cent behavior is almost completely missed with a delay about
6 times shorter than that of Model B. For both Models C and
D, coating degradation occurs with a faster rate and termi-
nates earlier.

Table 2. Simulation for the Reference Case and Different
Models for the Effective Thermal Conductivity

Thermal
Ž . Ž . Ž . Ž .Conduct. Model d Krs d Krs t s t s1 2 d s

A, Eq. 19 2.4 2.6 116 151
B, Eq. 18 2.3 1 153 182
C, Eq. 22 5 1 98 113
D, Eq. 24 13 7.6 25.5 25.5

Delay time, t ; swelling time, t , and maximum heating rates of the sub-d s
strate, d , d .1 2

October 2001 Vol. 47, No. 10AIChE Journal 2365



( ) (Figure 7. Predicted solid lines vs. measured sym-
)bols, Cagliostro et al., 1975 time profiles of

the substrate temperature T for different con-s
ditions.
Ž . 2 y2 y2a Qs167 kWrm , � s 0.2�10 m, � s 0.3�10 m;c0 s
Ž . 2 y2 y2b Qs157 kWrm , � s 0.2�10 m, � s 0.15�10 m;c0 s
Ž . 2 y2 y2c Qs157 kWrm , � s 0.1�10 m, � s 0.15�10 m;c0 s
Ž . 2 y2 y2d Qs157 kWrm , � s 0.15�10 m, � s 0.1�10 m.c0 s

The predictions of the thermal response of the
coatingrsubstrate system appear to be highly affected by the
model of the effective thermal conductivity. Thus, the best
model is selected after a comparison with experimental mea-
surements of the time profiles of the substrate temperature
Ž .Cagliostro et al., 1975 . Figure 7 shows this comparison for
the thermal conductivity Model A and the following cases:
Ž . 2 y2 y2a Qs167 kWrm , � s0.2�10 m, � s0.3�10 m,c0 s
Ž . 2 y2 y2b Qs157 kWrm , � s0.2�10 m, � s0.15�10 m,c0 s

Ž .reference case ,
Ž . 2 y2 y2c Qs157 kWrm , � s0.1�10 m, � s0.15�10 m,c0 s
Ž . 2 y2 y2d Qs157 kWrm , � s0.15�10 m, � s0.1�10 m.c0 s
The agreement between measurements and predictions is

good. Given the large differences between Model A and the
Ž Ž ..others Figure 6 and Table 1 refer to case b , it can be

understood that none of the models B, C and D can be used
for quantitative predictions.

Apart from the specification of sample size and applied
heat-flux as listed above, the simulations have been obtained

Ž . Ž .with the use of reference data Table 1 except for case c
Ž .which required a swelling factor of 5 instead of 3 . It is pos-

sible that the total coating expansion is dependent on the
heating rate. In particular, the model indicates that the effec-
tiveness of the intumescent behavior should improve at high-

Ž Ž . .heating rates indeed, case c considers the thinnest coating .
It is also possible that the degradation kinetics obtained un-
der thermogravimetric conditions cannot be extrapolated for
high-heating rates. Unfortunately, no experimental informa-
tion is currently available on these issues. On a global basis,
the mathematical formulation of the problem proposed here
with Model A for the effective thermal conductivity for the
first time predicts quantitatively well the thermal response of
the composite system substratercoating, with no adjustable

Figure 8. Time profiles of substrate temperature T ands
( ) (ratio � t rrrrr� current to initial coating thick-c c0

)ness for different values of parameter � and
other parameters as in Table 1.

parameter for slow heating and only the swelling factor for
fast heating. Model A is also used for the successive paramet-
ricrsensitivity analyses presented in this study.

Influences of swelling and intumescent system thickness
In order to investigate the influences of the bubbling

Ž .mechanism parameters � and E on the process character-
istics, a first set of simulations has been made for the refer-

Žence case with Es3, while � is varied from 1 to 0.005 lower
values give rise to volume expansions below a factor of 3 with

.respect to the initial value and are not considered . Process
dynamics remain qualitatively the same, as discussed above.
As expected, the time needed in order to complete coating
swelling becomes successively longer as the fraction � is de-

Žcreased, with variations roughly between 151 and 213 s Fig-
.ure 8 . As the swelling process becomes slower, the shoulder

in the time profile of the substrate temperature tends to dis-
appear, with heating rates becoming slightly higher and the

Ždelay time t varying from 116 to 142 s maximum variationsd
.of about 20% .

Figure 9, which reports the spatial profiles of the nondi-
Ž .mensional with respect to the initial value elementary cell

size and the degradation rate of the component S for a cer-2
Ž . Žtain time 25 s and two widely different values of � 0.1 and

.0.005 , indicates that the amount of gas retained by the coat-
ing during the swelling process is always very small. Indeed,
complete expansion occurs for values of the local de-
volatilization rate of the component S equal to about only2

Ž .0.5% of the corresponding maximum value for all � values .
Hence, the description of the delay in the release of the gas

Žby each elementary coating cell caused by swelling variable
. ŽM and Eqs. 15a�15c is not important even for expansionb

.factors up to 20 and a simplification in the mathematical
model can be introduced. Furthermore, swelling takes place
through a zone, whose thickness becomes successively thin-
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( )Figure 9. Spatial profiles for a time of 25 s of the local
devolatilization rate of component S , dY rrrrr2 V 2

( ) (dt, and ratio � x t rrrrr� x current to initial cell0
) ( )size for �s0.1 dashed lines and �s0.005

( )solid lines and other parameters as in Table
1.

ner as � is increased, rapidly propagating along the virgin
coating, as soon as the degradation rate of the component S2
attains values different from zero. On the whole, for a swelling
factor of 3, the process characteristics are only weakly af-
fected by the amount of gas retained by the condensed phase.
That is, they are mainly dependent on the initial degradation
temperature of component S , as postulated in the simplified2

Ž .model developed by Buckmaster et al. 1986 . The same con-
siderations apply for the mean molecular weight of volatiles

Ž .V Eq. 12 .2

Figure 10. Time profiles of substrate temperature T ands
( ) (ratio � t rrrrr� current to initial coatingc c0

)thickness for different values of swelling
factor E and other parameters as in Table 1.

Figure 11. Delay time t , swelling time t , and maxi-d s
mum heating rates of substrate, d , d , as1 2
functions of final coating thickness � , as ob-f
tained by varying the swelling factor E in the
range 1�20 and other parameters as in
Table 1.

The influence of the expansion factor E on the process
Žcharacteristics is investigated for values between 1 no

. Ž .swelling and 20 reference case with �s1 . Results in terms
of time profiles of the substrate temperature and the total
coating thickness are reported in Figure 10. As expected,
substrate heating becomes successively slower as the expan-
sion factor is increased. In particular, it is worth noting that a
small delay in the substrate temperature rise is also observed

Ž .in the absence of swelling Es1 , as a result of the convec-
tive cooling of outflow volatile pyrolysis products and, to a
small extent, of the endothermicity of reactions r1� r2.

The delay and the swelling times increase with E and, as
shown in Figure 11, they present the same qualitative de-
pendence on the final coating thickness, as determined by
the range of E factors mentioned above. That is, a first re-

Žgion of strong dependence final coating thicknesses below
y2 .0.6�0.8�10 m is followed by a slower increase. Further-

more, for the first zone, d and d attain comparable values,1 2
roughly between 5.5 and 2.2 Krs. For large expansion factors,
maximum heating rates of the substrate are attained during

Ž .the initial stage d and are almost independent of the1
swelling process.

The effects of variations in the initial coating thickness on
the heating characteristics of the substrate are qualitatively
similar to those caused by the swelling factor. However, as
appears from Figure 12, the delay and the swelling times pre-
sent an almost linear dependence on the final coating thick-

Ž y2ness, as simulated for different � values 0.05�0.4�10 mc0
.and Es3 . In addition, while values are comparable for small

Ž y2 .final thicknesses below 0.6�10 m , irrespective of varia-
tions in E or � , variations in the initial coating thicknessc0
are, by far, more effective for high final coating thicknesses.
In other words, convective cooling due to coating de-

Ž .volatilization and, probably, to coating thermal inertia plays
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Figure 12. Delay time t , swelling time t , and maxi-d s
mum heating rates of substrate, d , d , as1 2
functions of the final coating thickness � , asf
obtained by varying the initial coating thick-

– 2 ( )ness in the range 0.05–0.4�10 m Es3
and other parameters as for the reference
case.

an important role for the time evolution of the substrate tem-
perature. Again, the heating rates of the substrate decrease
as the coating thickness increases, with maxima observed at

Ž .the beginning of the degradation process d for thin sam-1
Ž . Ž .ples low thermal inertia and during the final stage d for2

Ž .thicker samples due to radiative heat transfer .
In general, the intumescent behavior is successively more

effective as swelling occurs to a successively larger extent.
Also, the role of factor E is more important than that of
factor �. For a final given thickness of the coating, the effects
of the initial coating thickness are higher in terms of thermal
protection than those associated with the swelling factors, due
essentially to enhanced convective cooling. Finally, the size,
and, presumably, the properties of the material being pro-
tected, are also important in relation to its thermal behavior.
For instance, the delay time increases linearly with the sub-

Žstrate mass simulations made by varying the substrate thick-
.ness, not shown .

Sensiti©ity analysis
In order to assess the influences of physical properties and

kinetic constants on the predictions of the thermal response
of the substrate, a sensitivity analysis is carried out. A sensi-

Ž .tivity parameter Di Blasi, 1993, 1997 is introduced, defined
Žas the ratio between the % of the deviation of outputs the

q and y signs indicate an increase and decrease from the
.reference value, respectively to the % deviation of inputs

Ž .again with respect to the reference value . Deviations of
�20% have been considered for all the input parameters.
Reference values of the output variables are those predicted
by means of the input data listed in Table 1. Output variables
examined include the two local maxima in the time profile of

Ž .the substrate temperature d and d and the delay time t .1 2 d

Table 3. Sensitivity of Outputs, d , d and t , to Coating1 2 d
Properties�

Ž . Ž . Ž .Parameter d % d % t %1 2 d

efq 0 0.17 0
efy 0 0.17 0
dfq 0 0.47 0
dfy 0 0.26 0
� q y0.377 0 y0.300c0
� y y0.566 0 y0.330c0
� q y0.377 y0.260 0.4870c
� y y0.471 y0.086 0.302c0
� q y1.180 y0.400 1.460c0
� y y0.370 y0.700 1.030c0
Eq 0.280 y0.820 0.836
Ey y1.368 y0.776 1

�Sensitivity is the ratio between the % of the deviation of outputs, with
respect to the reference values, to �20% deviation of inputs, again with
respect to reference values.

In practice, no sensitivity is shown for variations in the spe-
Ž . Ž .cific heats c and c , the thermal conductivity � , thec f c0
Ž . Ž .emissivity e , the initial pore diameter d , the swellingc0 c0

parameter � , the V molecular weight W , the reaction heats2 V 2
�h , ks1, 3, or the preexponential factors of reactions r1,k
r2. Results for other physical properties and model parame-
ters are reported in Table 3 and for kinetic constants in Table
4.

Variables which contribute to the definition of the effec-
Ž .tive thermal conductivity Eq. 19 e , d , � mainly influencef f c0

the substrate heating rate. As expected, variations in the char
emissivity and final pore diameter of char slightly affect the

Ž .characteristics of the final heating stage d . On the other2
hand, variations in the initial coating porosity mainly affect

Ž .the initial heating rate d and, to a small extent, the delay1
time.

The sensitivities are comparatively higher for variables re-
Ž .lated to the size of the coating � and E and the totalc0

Ž .volatile mass evolved � . The dependence of the processc0
characteristics on the initial coating thickness and the model
parameter E has already been discussed. It is worth noting
that this analysis confirms that the highest sensitivity is for

Žthe initial coating thickness higher final thickness and higher
.amounts of volatile mass released .

From the results shown in Table 4, it appears that E ex-1
erts only a small influence on the initial process transients.
The sensitivity in the parameter E is high, and an increase2

Table 4. Sensitivity of Outputs d , d and t to Kinetic1 2 d
Constants�

Ž . Ž . Ž .Parameter d % d % t %1 2 d

E q 0.14 0 01
E y 0.47 0 01
E q 1.51 y0.387 0.8772
E y 1.79 y0.302 1.3202
A q 0 0.258 03
A y 0 0.258 03
E q 0.047 y1.465 1.0303
E y y0.283 y1.980 0.9303

�Sensitivity defined as in Table 3.
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causes a delay in the swelling process. Consequently, heating
Ž .rates of the substrate are faster in the initial stage d and1

Ž .slower in the final stage d . The delay in the heating pro-2
cess is highly dependent on this parameter and, in general, it

Žbecomes significantly longer the contrary occurs for a de-
.crease in E . High process sensitivity is also observed for2

Žvariations in E . As this is decreased with respect to the3
. Ž .reference value , the solidification charring stage becomes

faster and, given the enhanced heat transfer due to pore ra-
diation, the delay time becomes shorter and the heating rate

Žin the final stage becomes faster for variations of 20%, sensi-
tivity to the activation energies is higher than that of preex-
ponential factors, given their exponential dependence on a

.key variable, that is, temperature .

Conclusions
This study has presented a mathematical model, compre-

hensive of the description of the main processes occurring
during the degradation of intumescent coatings. A finite-dif-
ference formulation of the conservation equations has been
derived for a variable volume system. The occurrence of
swelling is associated with the beginning of the degradation
of one of the three coating components. Although the treat-
ment proposed requires two empirical parameters, namely the
fraction of gas retained by the degrading medium and the
expansion factor, it is only the second parameter which plays
a dominant role in the decomposition dynamics and the sub-
strate heating characteristics.

The process characteristics are highly dependent on the
model applied for the effective thermal conductivity. Litera-
ture models have been compared and it has been found that
only a model specifically developed for intumescent coatings
Ž .Anderson et al., 1988 , extended to include a radiative con-

Ž .tribution Di Blasi, 1996a , correctly predicts from both the
qualitative and the quantitative point of view the time evolu-
tion of the substrate temperature. Note that none of the
models which previously appeared in the literature has ac-
complished this goal.

Examination of the substrate temperature profile, for high
external heat fluxes reproducing fire conditions, reveals that
three main regions exist. The first reports a rapid tempera-
ture rise, whose characteristics are essentially determined by
the virgin coating properties. The second is a delay in the

Žtemperature rise, caused by coating decomposition release
. Žof hot volatile species and swelling volume expansion and

.high void fraction . The characteristics of this zone are mainly
affected by the initial coating thickness and density, and the
expansion. The third zone corresponds to coating charring
and heat transfer dominated by the radiative contribution in
the effective thermal conductivity.

A sensitivity analysis, carried out to evaluate the impor-
tance of a reliable knowledge of coating physical properties,

Žindicates that the dominant parameters are the size initial
.and final thickness and the density, which can be easily mea-

Ž .sured. The kinetic constants decomposition mechanism also
present high sensitivities and, thus, should be carefully deter-
mined, in particular, those associated with volatile release re-
sponsible for swelling and charring. The initiation of the lat-
ter process is also important in relation to the mechanism of

radiative heat transfer, which controls the thermal evolution
of the substrate in the final stage. On the whole, although a
high number of input parameters are required by the trans-
port model of coating decomposition presented here, the
sensitivity is high only for a few of them.

Extensive experimental research is needed in relation to
degradation mechanisms of intumescent materials and mea-

Žsurements of variables coating and substrate temperature
.profiles, volatile mass flux, gas composition, and so on under

Ž .practical conditions heat- and mass-transfer control . Re-
sults will give the means for further process understanding,
and will provide information for the application of mathe-
matical models in the fields of material design and advanced
fire protection technologies. Finally, a more rigorous mathe-
matical description of the thermal response of intumescent
systems should be developed, taking into account the rheo-

Žlogical behavior of the material properties and their varia-
tion with reaction conditions, and transport phenomena with

.a more accurate treatment of bubble dynamics .

Notation
Ascross section of the substratercoating system, m2

A , A , A spre-exponential factors, sy1
1 2 3

csheat capacity, kJrkg �K
d spore diameter of coating, mc
d spore diameter of char, mf

Ž .d , d smaximum substrate heating rates initial and final stage ,1 2
Krs

Esvolume expansion factor
E , E , E sactivation energies, kJrmol1 2 3

essurface emissivity
hsconvective heat-transfer coefficient, kWrm2 �K
Ksreaction rate constant, sy1

M sinitial mass of each elementary volume, kg0
Nsdiffusive mass flux, kgrm2 � s
nsnumber of elementary cells in the coating finite-dif-

ference approximation
n snumber of time steps needed to attain the maximum vol-b

ume expansion
p sgas-phase pressure, Nrm2

0
Qsexternal heat flux, kWrm2

qsconductive heat flux, kWrm2

RRsuniversal gas constant, kJrmol �K
Tscoating temperature, K
T scoating temperature at the irradiated surface, Kf
T ssubstrate temperature, Ks

tstime, s
t sdelay time, sd
t sswelling time, ss
usgas velocity, mrs
Vsvolume, m3

Wsconvective flux, kgrm2 � s
W sgas mean molecular weight, kgrmolg

W smolecular weight of species V , kgrmolV 2 2
xsspatial coordinate, m

Y , Y , Y , Y sspecies mass fraction1 2 3 C
Y stotal coating mass fractionT
�sfraction of volatiles V retained by coating during swelling2

� sbubble volume per unit surface, mb
�hsdecomposition heat, kJrkg
� ssolid volume per unit area, ml s
� tstime step, s

Ž� xstotal volume per unit surface cell size along the x direc-
.tion , m

�sporosity
�sthermal conductivity, kWrm �K
� sstoichiometric coefficient
�sgas density, kgrm3
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 sStefan-Boltzmann constant, kWrm2 �K 4

	spore emissivity
� sthickness, m

Subscripts
bsbubble
Cschar species
cscoating
esexternal

Ž .fsfinal char
gsvolatiles
iselementary volume

lsscondensed phase
sssubstrate

Tstotal mass fractions referred to the total coating mass
0sinitial or reference conditions

S , S , S scondensed-phase species1 2 3
V , V , V svolatile species1 2 3

� seffective properties
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