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DECOMPOSITION OF INTUMESCENT COATINGS: COMPARISON BETWEEN 
NUMERICAL METHOD AND EXPERIMENTAL RESULTS 

Lufs M.R. Mesquitau, Pnulo A.G. Pilotou, Mano A.P. Vazb and Tiago M.G. Pintou 
• Polytechnic Institute of Brngan~a, Applied Mcchnnics Deportment, Portugal. 

b University ofPorto, Faculty of Engineering, Portugal. 

INTRODUCTION 

Passive fire protection materials insulate steel structures from the effects of the elevated 
temperatures that may be generated during fire. They can be divided into two types, non-reactive, of 
which the most common types are boards and sprays, and reactive, being intumescent coatings an 
example. They are available as solvent or water based systems applied up to approximately 3[mm]. 
One problem associated with the use of such systems is the adhesion of the charred structure to the 
steel element during fire and upon it. It is very important that the char remains in the steel surface to 
insure the fire protection. 
The intumescent chemistry has changed little over the past years and almost all coatings are largely 
based on the presence of similar key components. The chemical compounds of intumescent systems 
are classified in four categories: a carbonisation agent, a carbon rich polyhydric compound that 
influences the amount of char formed and the rate of char formation; an acid source, a foaming 
agent, which during their degradation release non-flammable gases such C02 and NH3, [1]. 
Activated by fire or heat, a sequential chemical reaction between several chemical products takes 
place. At higher temperatures, between 200-300 [0C], the acid reacts with the carboniferous agent. 
The formed gases will expand, beginning the intumescence in the form of a carbonaceous char. 
Different models handle the intumescent behaviour with char fanning polymers as a heat and mass 
transfer prol;llem. Other existing models provide a suitable description regarding the intumescence 
and char formation using kinetic studies of thermal degradation, accounting the complex sequence 
of chemical reactions, thermal and transport phenomenon, [[2]-[5]]. 
Due to the thermal decomposition complexity of intumescent coating systems, the models presented 
so far arc based on several assumptions, being the most relevant the consideration of one­
dimensional beat transfer through material, temperature and space independent thermal properties 
and the assumption of a constant incident heat flux where the heat losses by radiation and 
convection are ignored, [3). Some authors also assume that the thermochemical processes of 
intumescence occur without energy release or energy absorption, [6]. Results show that the 
insulation efficiency of the char depends on the cell structure and the low thermal conductivity of 
intumescent chars result from the pockets of trapped gas within the porous char which act as a 
blowing agent to the solid material. 
The authors, in a previous work, considering the results obtained from coated steel plates tested in a 
cone calorimeter studied the intumescence as one homogenous layer. The steel temperature 
variation was considered and with the intumescence thickness time variation an inverse one­
dimensional heat conduction problem (IHCP) was applied to determine the intumescence effective 
thermal conductivity and thermal resistance [7]. 
This work presents an experimental study to assess the performance of water-based intumescent 
paints used as a passive fire protection material. These tests were performed in a cone calorimeter, 
in steel plates coated with two different paints, three dry film thicknesses and considering two 
different radiant heat fluxes. During tests, among other quantities, the steel temperature, the 
intumescence mass loss and thickness variation were measured. A numerical model is also 
presented to study the intumescence behaviour. The paint thermal decomposition numerical model 
is based on the conservation equation of energy, mass and momentum. 

1. EXPERIMENTAL TESTS PERFORMED IN THE CONE CALORIMETER 

To assess the performance of two commercial water-based intumescent paints a set of experimental 
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tests was performed in a cone calorimeter, see Fig. 1 and Fig. 2. The steel plates are 100 (mm] 
squared and 4, 6 [mm] thick, coated in one side with different dry film thicknesses and tested in a 
cone calorimeter as prescribed by the standard 1805660, [8]. Temperatures are measured by means 
of four thermocouples, type k, welded at the plate in the heating side and at the opposite side, at two 
different positions. The samples were weighted before and after of being coated allowing for the 
initial coating mass. The dry thickness was also measured in 16 different points, being the mean 
values and the standard deviation presented in the Fig. 1. 
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Fig. I. Set of cxperimentnl tests. Reference: Pnint/Hent Flux/Steel Thick./Dry Thickfl"est N°. 

"""'" __ .... _. __ --·--Fig. 2. Couterl steel plutes, with fixed thennocouples. Tested samples nt 35 [kW/m2] nnd at 75 [kW/m2]. Reference nnd 
position of the thcnnocouples. 

Between the steel plate and the sample older two silicate plates were used to put the specimen in 
place and also a thermocouple was placed to measure its temperature variation. The distance 
between the sample surface and the heater remained unchanged, at approximately 60 [mm], which 
means that with the increasing intumescence the top of the sample came closer to cone surface. Due 
to the large amount of results, only a set of samples will be referenced in this paper. 

1.1 Experimental Results 

The temperature evolution in a steel plate without protection was also tested to attain the efficiency 
of this fire protection. The measured temperatures are presented in the Fig. 3 for a radiant heat flux 
of 35 [KW/m2

] and then resetting the cone to 75 [KW/m2
]. 

Fig. 4 represents the mass loss of each sample and shows a variation almost linear with time mainly 
for a heat flux of35 [kWm"2

]. 

Using discrete frames obtained from digital camera during tests and by image processing teclutiques 
using Matlab, the intumescence development was measure over time. Fig. 5 presents the 
intumescent development (free boundary L(t)) for specimens with paint A and B, different 
thicknesses and radiant beat fluxes. 
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Fig. 3. Measured temperature in the steel plate without Fig. 4. Measured mass loss with time. 
protection. 

Higher intumescence may be noticed in sample right region coincident to the thermocouples wire 
position responsible for coating accumulation. The presented values are mean values determined 
from four central measures. 
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Fig. 5. Intumescence thickness mean values of four central measurements. 
The figures shown that for the lower heat flux the intumescence becomes stable, but for the higher it 
continues to increase. Coating A presents a higher expansion at the initial stage compared to the 
coating B. For longer exposure periods of exposure coating B continues to expand. 
The steel temperature profiles and temperatures at the middle of the silicate plates are reported in 
Fig. 6 and Fig. 7. Measured values from the thermocouples welded on the bottom of the plate are 
very close to the temperatures at the top. For the same heat flux, the time to reach a same 
temperature increases with the increase of the dry thickness. 
The behaviour is very similar for both coatings, but for all cases the time to reach, for example a 
temperature of 200 [0 c] is always higher when the paint B is used. For these conditions it gives an 
improved fire protection. 
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Fig. 6. Temperature variation of steel and silicate plates for coating A. 
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2 MATHEMATICAL MODEL OF THE INTUMESCENCE BEHAVIOUR 

The problem to detennine the temperature field in an intumescent material involves the solution of 
a phase transformation problem with two ore more moving boundaries that characterize its state, 
initial, softened and carbonaceous char. Different methodologies can be found in the literature to 
model the thermal decomposition of a polymer or polymer based materials. The methodology 
followed in this work was to consider that the decomposition occurs not only at the outside surface 
but also inside, for temperatures above the pyrolysis temperature, TP . In this case the moving 

boundary regression rate must be detennined considering the motion of all domain. This strategy 
implies that a mass diffusion term needs to appear in the energy equation due its motion. This term 
was disregarded due to the small thickness of the virgin layer for this types of applications, about 1-
3 [mm]. 
Considering a first order reaction, the mass loss is given by 

a ____Ia_ 
m(T(x,t))= :,• =-p.Aoe RTI•.t) for T?:.TP (1) 

where rir is the local mass loss [kg. m"3s-1
] , T (x,t) is the temperature at point x at instant t, ~is 

the pre exponential factor [s-1
], Eo the activation energy [J.mor1], and R the universal gas constant 

[J.mor1 .K-1
] . The position of the moving boundary is obtained by summing all the mass loss and 

dividing by the specific mass. 
The energy equation for the steel and virgin layers is based on the one-dimensional conduction heat 
equation. 
The conservation equation for the solid virgin material phase is given by 

ap.v. =-w-dv ar V • 
(2) 

Where lV~d represents the destruction rate of virgin material per unit volume, originated by the 

thermal decomposition. The virgin material decomposition produces a fraction of gas, equal to the 
porosity, 9', and a solid char fraction equal to (I-9'). 
The formation rate of char and gas mass is: 

w:. -+-;)p,A d~~) ,;:;_, -++-;:}}A~~) (3) 

.z represents the fraction of the bulk density difference between the virgin and char materials that is 

converted to gas. In this study the value used was .z = 0.66, [9] . 

The conservation of gas mass equation is given by eq. (4). 
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(4) 

In the previous equation av jar represents the intumescence rate. The gas mass flux, ril; , is 

calculated accordingly to Darcy's law and it is assumed that the gases present in the intumescent 
material behave as a perfect gas. The thermodynamic properties are related by the ideal gas law and, 
assuming that the gas is a mixture of 50wt%C02 and 50wt%H p, the generated gas molar mass 

used in the model M 
8 

is 31[g/mol]. 

The conservation of gas mass equation with the Darcy's and the ideal gas laws combined can be 
used to give a differential equation for the pressure inside the intumescence. In the numeric 
calculations, the intumescence rate is assumed to be Imown, provided by the experimental results, 
so the pressure calculation is disregarded being assumed that the internal pressure is constant and 
equal to the atmospheric pressure. An energy equation for the conservation of energy within the 
intumescence zone can be obtained by combining the energy equation for the gases with that of the 
solid char material. The equation for the conservation of energy per unit bulk volume can be written 
as: 

(5) 

The effective thermal conductivity for the intumescence bulk material, including gas and char, is 
equal to the thermal conductivity of the gas per unit bulk volume, plus that of the solid material. 
The same thing applies to the effective heat capacity. 
In the steel plate back surface it is assumed an adiabatic boundary condition and at the boundary 
steeUvirgin layers it is assumed a perfect thermal contact. At the moving front, the boundary 
conditions are: 

k aT =Ph· -eO"(T4 -T4 )-lz (T-T) " ax -tr a c a 

aT aT 
k" ax -k, ax =Q11 for T(s(t),t)=Tp 

for T(s(t),t)<Tp 
(6) 

In which Q11 is the heat flux due to the endotherrnic decomposition of the virgin material, given by 

Q11 =-lzPp.s(t) , where hP represents the decomposition enthalpy. A wide range of values are 

reported in the literature for the heat of pyrolysis and go from a few units to units of millions. The 
value used in the calculations was 50 [J/kg]. 
The intumescent coating specific mass was measured by the pycnometer method given a value of 
1360 and 1250 [kg/m3

] for the virgin coating and a value of 692.4 and 450 [kglm3
] for the char 

material, for paints A and B, respectively. Steel properties are assumed constant, with a specific 
heat value of 600 [J/kgK] and a specific mass equal to 7850 [kg/m3] . The intumescent coating 
specific heat was considered constant and equal to 1000 [J/kgK]. 
The mathematical model is based on the following major simplifying assumptions: there is no heat 
between gas and char, the thermophysical properties and the pressure at both layers are constant. 
The solution method was implemented in a Matlab routine using the Method Of Lines (MOL), [ 1 0], 
and the integrator odel5s to solve the set of ordinary"differential equations. 
The temperature field is determined by the steel and virgin energy equations. When the front 
reaches the pyrolysis temperature, equal to 250 [0c], starts to decompose and to move. Then the 
moving front rate is determined and the intumescence forms. The position the free boundary is set 
equal to the experimental results and the intumescence temperature field is determined. In each time 
step the virgin and char layers are remeshed. 
The input parameters are listed as follows: k, =0.5Wm-•K-1; k< = o.nvm-•K-1 ; Cp. =2600Jkg-1K-1; 
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Two ca.Se studies are presented in Fig. 8 and Fig. 9. In the first one the steel temperature variation 
and the moving front position are determined based on a value of the activation energy equal to 

E0 = 125KJmol-1• The numerical results follow reasonably well the experimental values. The major 

differences occur at intermediate times probably because a transition state of molten polymer was 
not considered. 
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Fig. 8. Compnrison of measured nnd computed steel temperatures and position of the moving front, E0 = 125KJmor1 
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Fig. 9. Influence of the nctivation energy in the steel temperature nnd in the moving front. 
Both the determined steel temperatures and the moving front are strongly dependent on the 
activation energy that defines the amount of mass loss of virgin paint, as presented in Fig. 9. It must 
be said that the value used in the simulations was obtained from the literature, but the correct value 
of both paints are needed. The reaction kinetics parameters can be obtained from thermogravimetric 
analysis. 
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