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Dear Reader,

The Journal ACTA POLYTECHNICA, which you have just received, is the scientific Journal of the Czech Technical Univer-
sity in Prague. The Journal first appeared in 1961 under the name “Proceedings of the Czech Technical University”. At that
time, it was published on an irregular basis, as and when sufficient scientific material became available. The main reason for es-
tablishing the Journal was to support publication of the results of scientific and research activities for all the Czech technical uni-
versities. Five years later, in 1966, the Journal was renamed Acta Polytechnica. It retained its original features, but started ap-
pearing quarterly with a newly designed cover which was distinctive for each of the engineering disciplines. The 1969 volume of
Acta Polytechnica was dedicated to the 100th anniversary of the division of Prague Polytechnic into an independent Czech
Polytechnic Institute alongside the German Polytechnic.

An external stimulus for changes in the Journal was provided by the 1st International Conference on Advanced Engineering
Design, organised by CTU Prague in co-operation with the University of Glasgow, in June 1999. The goal of this Conference,
like that of the Journal, was to help establish synergies among high-level engineering disciplines.

This new edition of the Journal introduced many innovations. The main title Acta Polytechnica is accompanied by the subti-
tle Journal of Advanced Engineering, which expresses more clearly the contents of the Journal. The Journal covers a wide spec-
trum of engineering topics: Civil Engineering, Mechanical Engineering, Electrical Engineering, Nuclear Sciences and Physical
Engineering, Architecture and Transportation Science.

ACTA POLYTECHNICA is now being published in an enlarged format. We want it to be a high-quality, multi-disciplinary
Journal presenting basic theoretical research and also experimental research findings. The factors unifying the papers pub-
lished in ACTA POLYTECHNICA will be their high level of interpretation based on the scientific background common to all
technical disciplines, and the close relation of the papers to the topics of research carried out at CTU.
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http://www.cvat.cz/en/facilities/ph/ap.
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About the Conference on Applications of
Structural Fire Engineering

Current European practice in structural fire engineering is tending more and more toward acceptance of the benefits to be
gained from performance-based approaches to fire-resistant design. These selected papers of young researchers and their su-
pervisors, from the Conference on Applications of a Fire Engineering, held at the Czech Technical University in Prague on
19-20 February 2009, present the current state in the development and application of simple and advanced performance-based
design methods for concrete, steel and timber structures. Internationally acknowledged research experts and specialists in
design against fire met in this Conference, which offered an opportunity to share contemporary ideas and knowledge in both
the background science and practical case studies. One hundred colleagues had an opportunity to address major present-day
questions in twenty panel discussions. The spectrum of research themes covered in the Conference encompassed fire modelling,
heat transfer to structural elements, numerical modelling of thermo-structural behaviour at elevated temperatures, structural
fire testing on elemental and structural scales, the development of simplified design methods and studies based on the structural
Eurocodes. There were practical design case studies demonstrating the ways in which performance-based structural fire safety
design methods have been applied in real projects, and discussions about the economic and safety implications of using these
methods in place of the traditional prescriptive rules.

Based on interest in the Prague event, a follow-up ASFE Conference is scheduled to be held in Manchester on 20-21 Febru-
ary 2011, see http://eurofiredesign.fsv.cvut.cz/.

Ian Burgess and FrantiSek Wald
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Decomposition of Intumescent Coatings:
Comparison between a Numerical
Method and Experimental Results

L. M. R. Mesquita, P. A. G. Piloto, M. A. P. Vaz, T. M. G. Pinto

An investigation of two different intumescent coatings used in steel five protection has been performed to evaluate their efficiency. A set of ex-
perimental tests is presented. They were conducted in a cone calorimeter, considering different thicknesses and heat fluxes. Among other
quantities, the steel temperature and the intumescence thickness variation were measured. A numerical model for the paint decomposition is
also presented. Based on the intumescence experimental value, the model is able to provide a reasonably good prediction of the steel tempera-

ture evolution.

Keywords: Fire protection, intumescent coatings, cone calorimeter, char formation, heat transfer, energy equation, thermal decomposition,

porosity, arrhenius equation, activalion energy.

1 Introduction

Passive fire protection materials insulate steel structures
from the effects of the elevated temperatures that may be gen-
erated during a fire. They can be divided into two types,
non-reactive, of which the most common types are boards and
sprays, and reactive, of which intumescent coatings are an ex-
ample. 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 and after a fire. It is very
important that the char remains in the steel surface to ensure
fire protection.

Intumescent chemistry has changed little in recent years,
and almost all coatings are largely based on the presence of
similar key components. The chemical compounds of intu-
mescent systems are classified into four categories: a car-
bonisation agent, a carbon rich polyhydric compound that
influences the amount of char formed and the rate of char
formation; an acid source, and a foaming agent, which during
their degradation release non-flammable gases such as COq
and NH; [1].

Activated by fire or heat, a sequential chemical reaction
between several chemical products takes place. At higher
temperatures, between {200-300) °C, the acid reacts with the
carboniferous agent. The formed gases will expand, begin-
ning the intumescence in the form of a carbonaceous char.

Different models handle the intumescent behaviour with
char-forming polymers as a heat and mass transfer prob-
lem. Other existing models provide a suitable description
regarding the intumescence and char formation using ki-
netic studies of thermal degradation, accounting the complex
sequence of chemical reactions, thermal and ransport phe-
nomenon [2-5].

Due to the thermal decomposition complexity of intumes-
cent coating systems, the models presented so far are based
on several assumptions, the most relevant being the consider-
ation of one-dimensional heat transfer through material,
temperature and space independent thermal properties and
the assumption of a constant incident heat flux where the
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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 absorp-
tion [6]. Results show that the insulation efficiency of the char
depends on the cell structure, and the low thermal conductiv-
ity of intumescent chars results from the pockets of trapped
gas within the porous char which act as a blowing agent to the
solid material.

In a previous work considering the results obtained from
coated steel plates tested in a cone calorimeter, the authors
studied intumescence as a single homogeneous [ayer. The
steel temperature variation was considered, and with the
intumescence thickness time variation an inverse one-dimen-
sional 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 pas-
sive fire protection material. These tests were performed ina
cone calorimeter, in steel plates coated with two different
paints, three dry film thicknesses and considering two differ-
ent radiant heat fluxes. During tests, among other quantities,
the steel temperature, the intumescence mass loss and thick-
ness 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.

2 Experimental tests performed in the
cone calorimeter

To assess the performance of two commercial water-based
intumescent paints, a set of experimental 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 on one side with
different dry film thicknesses and tested in a cone calorimeter,
as prescribed by the 1SO5660 standard [8]. Temperatures are
measured by means of four thermocouples, type k, welded to
the plate on the heating side and on the opposite side, at tvo
different positions. The samples were weighed before and af-
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_ Specimens [Initial | Final [ Coating | DFT 1o (SD)| Higher | Smaller Specimens Initiel | Final | Coating [DFT o (5D)[Higher[Smaller]

identification Mass [g]|Mass [g]{Mass [gl| [2m] | |2m] | [Zm] | [%m] | idendfication. Mass [g]| Mass [g] {Mass [g]| [?m]! [2m) | [7m] | [?m]
A[35]4]05[1-3] 363.77 | 37028 | 7.51 | 545 [ 40.6 | 601 | 478 B |35 |4] 05 | 1| 36673 | 37536 | 863 |571| 41.6 | 665 | 306
A|35(4]05([2-3] 363.82 | 369.98 6.16 615 | 51.5 695 504 B35 4] 05 |2 36538 | 374.88 9.50 626 | 38.6 698 563
A | 35| 4053 | 36454 | 373.19 | 865 | 528 | 60.4 | 624 | 427 B |35 | 4] 05-]3 [ 364.95 | 37385 | 9.00 | 6031 49.5 | 710 | 481
A 354115 1 [36.10 | 387.74 [ 26.64 [1670] 107 | 1860 | 1500 B |35 | 4] 1.5 | 11 365.63 | 300.10 | 24.47 |1510] 70.2 | 1610 | 1400
A 354115 236217 | 388.06 | 25.89 | 1610 72.2 | 1750 | 1500 B |35 | 4| 15 |2 36582 | 39142 | 25.60 |1570] 64.1 | 1670 | 1470
A |35 4] 15[ 3 | 36138 | 385.42 | 24.04 | 1450 | 84.9 | 1580 | 1280 B |35 | 4] 15 | 3] 364.80 ] 350.67 | 25.87 |1380] 66.5 | 1710 | 1470
A|35]|4125]|1-2| 362.8]1 | 40038 37.54 | 2530 | 165 2800 2240 B35 [41 25 [1]36549 | 409.85 44.36 |2640] 90.9 | 2750 2460
A |35 425 2 | 36581 | 407.80 | 4208 | 2500 | 122 | 2790 | 2310 B35 |4 2.5 [ 2] 366.29 | 409.12 | 42.83 |2560] B9.0 | 2660 | 2400
A35] 4125 (32| 363.49 | 404.38 40.89 | 2680 | 179 2920 2370 B35 |4 25 |31 36640 | 407.77 41.37 |2510] 85.7 | 2660 2350
A|75]4]05]) 1 ] 36346 | 37234 8.88 549 | 60.3 639 425 B| 75 |4] 05 |1} 36292 | 371.94 9.02 581 | 35.9 653 518
A[75]4]05(2-2] 363.58 | 371.33 T35 586 | 36.3 651 538 B| 75 |4] 05 |2/ 366,60 | 375.97 9.97 662 | 53.9 817 599
A |75 4] 05| 3 | 3684+ | 377.85 | 941 | 582 | 48.6 | 657 | 466 B |75 | 4] 0.5 | 3] 367.53 | 377.53 | 10.00 | 631 ] 3.2 | 707 | 583
A 75415 1] 36959 [ 304.82 | 253 [ 1510] 83.7 | 1660 | 1390 B |75 [4] 1.5 | 1]36627 [ 390.71 | 2444 |1530] 79.5 | 1720 | 1440
Al75]4 15| 2| 37111 | 39624 25.13 1530 | 87.7 1720 1380 B|75 |4 15 | 2] 364.69 | 389.63 24.94 |1550] 67.8 1690 1450
Al75]14]15] 3] 364.87 | 39L.13 26.26 1620 | 98.7 1820 1450 B| 75 | 4| 1.5 | 3] 359.09 | 384.05 2496 |1560| 74.9 | 1740 1450
Al75])14]125][ 1] 36697 | 407.71 40.74 | 2590 | 122 2760 2330 B| 75 |4] 25 [1] 359.79 | 399.66 39.87 [2520f 211 2840 2170
A 75 |4 25| 2 | 36511 [ 40490 | 39.79 [ 2390 134 | 2800 | 2350 B| 75 |4 ] 2.5 |2 | 364.28 | 40530 | 4L02 [2520] 01.4 | 2690 | 2350
A |75 4]25] 3 | 37060 | 410.77 | 40.17 | 2530 | 167 | 2810 | 2360 B| 75 |4 2.5 | 3 | 364.80 | 40497 | 40.17 |2490] 126 | 2760 | 2340
A 35605 1| 352937 [ 535.05 | 7.68 | 476 | 33.1| 518 | 403 B35 | 6] 05 [ 1] 52860 537.10 | 850 | 533 ] 56.7 | 663 | 43l
A |35 6|25 1 | 526.65 | 565.71 | 30.06 | 2420 | 150 | 3610 | 2130 B |35 | 6| 25 | 1| 52801 | 571.74 | 42.83 |2570| 105 | 2720 | 2360
A|l75]16105] 1 | 52290 | 530.58 7.68 494 | 33.9 561 434 B| 75 |6| 05 |1] 52547 | 534.86 9.39 607 | 65.9 799 528
A|75]6]25] 1] 52571 | 56480 39.18 | 2490 ] 112 2670 2290 Bl 6| 25 ]1]520.04 | 570.00 | 4096 |2610] 75.8 | 2760 2500

Tig. 1: Set of experimental tests. Reference: Paint/Heat Flux/Steel Thick./Dry Thick/Test N°

ter being coated, to allow for the initial coating mass. The dry
thickness was also measured in 16 different points. The mean
values and the standard deviation are presented in Fig. 1.
Between the steel plate and the sample older, two silicate
plates were used to put the specimen in place and also a ther-
mocouple was placed to measure its temperature variation.
The distance between the sample surface and the heater re-
mained unchanged, at approximately 60 [mm]. This means
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that with the increasing intumescence the top of the sample
came closer to the cone surface. Due to the large volume of re-
sults, only a set of samples will be referenced in this paper.

Experimental results

The temperature evolution in a steel plate without pro-
tection was also tested to attain the efficiency of this fire
protection. The measured temperatures are presented in

’-i**‘ﬁ*""wgu. n&; L '\\m \ \ W
sl .-»hml ‘;..x;_\'

Flates

"‘f b R LA

[_l‘fﬂ_nzn], de |, x=Lt)

Tr1, 172 - Tep surface steel temperatures
To1, TR2 - Bottem surface steel temperatures
Teadi - Caleium silicate plates Tempezatere

Fig. 2: Coated steel plates, with fixed thermocouples. Tested samples at 35 kW/m?® and at 75 kW{'mﬂ, reference and position of the

thermocouples.
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Fig. 7: Temperature variation of steel and silicate plates for coating B

boundary L(#)} for specimens with paint A and B, different
thicknesses and radiant heat fluxes.

Higher intumescence may be observed in the sample
right region coincident to the thermocouple wire position re-
sponsible for coating accumnulation. The presented values are
mean values determined from four central measures.

The figures show that for the lower heat flux the intu-
mescence becomes stable, but for the higher heat flux it
continues to increase. Coating A presents a higher expansion
at the initial stage compared to coating B. For longer periods
of exposure coating B continues to expand.

The steel temperature profiles and temperatures in the
middle of the silicate plates are reported in Fig. 6 and Fig. 7.
Measured values from the thermocouples welded to the bot-
tom of the plate are very close to the temperatures at the top.
For the same heat flux, the time to reach the same tempera-
ture increases with the increase of the dry thickness,

The behaviour is very similar for both coatings, but for all
cases the time to reach, e.g., a temperature of 200 °C is always
higher when paint B is used. For these conditions it gives im-
proved fire protection.

3 Mathematical model of the
intumescence behaviour

To determine the temperature field in an intumescent
material, it is necessary to solve a phase transformation prob-
lem 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 mate-
rials. The methodology followed in this work was to consider

that the decomposition occurs not only at the cutside surface
but also inside, for temperatures above the pyrolysis tempera-
ture, T,. In this case the moving boundary regression rate
must be determined considering the motion of the whole do-
main. This strategy implies that a mass diffusion term needs
to appear in the energy equation due to 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

) 0

i (T(x,) =222 =—p, dge BTET) for T 27T, (1)

where i is the local mass loss kg-m™.s7", T(x, ) is the temper-
ature at point x at instant ¢, 4y is the pre exponential factor
s, E, the activation energy U-mol_l], and R the univer-
sal gas constant [Jomol “K~"]. The position of the moving
boundary is obtained by summing all the mass loss and divid-

ing 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, ¥

— 9
=-uw, 4V, (2)
(.Jt v Y

where iy ¢ 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, ¢, and a solid char fraction equal to

{1-p).

63



Acta Polytechnica Vol. 49 No. 1/2009

The formation rate of char and gas mass is:

P _B__ d.f(f)
wgas _‘[1 p‘c} prvA dt ’

. p ds ()
wfhur = ‘l:l _[l - ';JL)JC] Py a
v

x represents the fraction of the bulk density difference be-
tween the virgin and char materials that is converted to gas.
In this study the value used was y = 0.66, [9].
The conservation of gas mass equation is given by Eq. (4).
Apgp) + PV e 0. “)
ai Voot dx

In the previous equation, 8//d¢ represents the intumes-
cence rate, The gas mass flux, g, is calculated accordingly to
Darcy’s law and it is assumed that the gases present in the in-
tumescent material behave as a perfect gas. The thermody-
namic properties are related by the ideal gas law and, assum-
ing that the gas is a mixture of 50wt%CQOy and 50wi%Hy0O,
the generated gas molar mass used in the model M, is
31 g/mol.

'The conservation of gas mass equation with the Darcy 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
known, provided by experimental results, so the pressure
calculation is disregarded on the assumption 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:

(3)

ar  a . af, or 3p
Ch) g = + = (hOTLh,) = —| ke — | -CpT £
(PCP)err = ax(W‘g Cbg) ax[fen" axJ p o 5

T al
—(DCp) up = e,
(P p)df V at

where

(pcp)eﬂ =P chjbg + (]- = ‘P)pLCpL
and

ke =phg + (1= 9) ke

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 we assume an adiabatic
boundary condition, and at the boundary steelvirgin layers
we assume a perfect thermal contact. At the moving front, the
boundary conditions are:

k, %_ =iy —eo(T! =T,;)) —h(T =T,) for T(s(8),5) < Ty,
X

T
s ox
in which Qg is the heat flux due to the endothermic decom-
position of the virgin material, given by Qg =-h;, py $(1),
where ki, represents the decomposition enthalpy. A wide
range of values are reported in the literature for the heat of

ar . .
- kC g— = Q}.] for T(S(t),l) = fp,
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pyrolysis, ranging 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/m® for the virgin coating and a value of 692.4 and
450 kg/m? for the char material, for paints A and B, respec-
tivel. The steel properties are assumed constant, with a
specific heat value of 600 J/kg-K and a specific mass equal to
7850 kg/m?®.

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 rou-
tine using the Method Of Lines (MOL), [10], and the integra-
tor odel3s to solve the set of ordinary differential equations.

The temperature field is determined by the steel and vir-
gin energy equations. When the front reaches the pyrolysis
temperature, equal to 250 °C, it 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 tem-
perature field is determined. In each time step the virgin and
char layers are remeshed.

The input parameters are listed as follows:
B =05 Wm VKl b =01 Wm™ LK,
Cp, =2600 J-kg K1, Cp = 3000 J-kg LK
he =20 Wm? K71 £ =0.92;

T, =525 K; Ay =4.67 '*s7.

Tivo case studies are presented in Fig. 8 and Fig. 9. In the
first study, the steel temperature variation and the moving
front position are determined based on a value of the acti-
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Fig. 8: Comparison of measured and computed steel tempera-
tures and position of the moving front, £y =1 25R-j-m01“
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Fig. 9: Influence of the activation energy in the steel temperature
and in the moving front

vation energy equal to Ey =125 K.J-mol™!. The numerical

results follow the experimental values reasonably well. The
major differences occur at intermediate times, probably be-
cause a transition state of molten polymer was not considered.

Both the determined steel temperatures and the moving
frontare strongly dependent on the activation energy that de-
fines 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 values of
both paints are needed. The reaction kinetics parameters can
be obtained from thermogravimetric analysis.
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