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

Luis M. Mesquita®, Paulo A.G, Pilote®, Mirio AP, Viz” and Tiago M.G, Pinta*
* Polviechsic Institute of Braganga, Applicd Mechanics Depariment, Ponugal.
¥ Unavessity of Paro, Faculty of Engincesing, Portugal.

INTRODUCTION

Passive fire protection matcrials insulate stesl structures from the effects of the eicvated
temperaiures that may be gensrated during fire. They can be divided into two types, noB-reactive, of
which the most commeon types are boards and sprays, and reaclive, being intumescent coalings un
example. They are available as solvenl or wter based systems applied up to approximately 3[mm],
One problem associated with e use of such systems is the adhesion of the chared structure 1o the
stee] element during fire and wpon it 1t is very importan? that the char remsaing in the sieel surface o
imsure the fine protection,

The intumescent chemistry has chonged litle over the past years and almost ol coatings are Jargely
hased on the presence of similar key componenis. The chemical compounds of infumescent systems
sre classified in four colepories: a carbonisation sgent, a carbod rfch polyhydric compoand that
influences the amount of char formed and the e of char formation; a0 acid solrge, o foaming
agent, which during their degrodation relese non-flnmmable gases such CO2 and NH3, [E].
Activated by fire or heat, & sequential chemical reaction between severil chemical products takes
place. At higher (emperatures, berwesn 200-300 [°C], the acid reacts with the enrboniferous agent.
The formed gascs will expand, beginming te intumescence in the form of a carbonaceous char.
Diffesent models hande the intumescent behaviour with char forming polymers as heat amd miss
transfer problam, Other existing models provide 2 suilable description regarding the intemsscence
and char formation using kinetic studies of thermal degradation, accounting the complex sequence
af chemical reactions, thermal and transport phenomenon, [{21-31).

Due to the therma! decomposition complexity of inhimescent coating systems, the models presemted
so fir arc based on scveral assumptions, being the mest relevant the consideration of oae-
dimensionad heat transfer through mutertal, temperafure and space independent thermal propertics
amd the assumption of a constant incident heat fux where the heai losses by radintion and
convection are tgnored, [3]. Some methore slso semime that the thermochemical processes of
intumescance occur without energy rolease or energy ahsorption, [6], Results show that the
inculation efficiency of the char depends on the cell stacure and the low thermal conductivity of
infumescent chars result from the pockeis of mpped gas witlin the porows char which act &5 2
biowing agent to the salid material.

The authars, in & previous woek, considering the results obtained from coated sl plates tested in &
cope calorimeter stodied the intumescence as one homogenous layer. The stecl temperatire
variation was considered and with the intumescence thickness fme variation an inverss ones
dimensienal heat conduction problem (FHCP) was appléed w detepmine the mimagcence effective
thermal conductivity and thermal resistance [7]-

This work presents an experimentzl siudy o assess the performince of water-based intumescent
paints used as a passive fire protection muteril. These tests were performed in 4 cone calonmerer,
in sieel plates coated with two differeat painis, three dry film thicknesses and considering two
different radiant heat fluxes, During iests, among other guantitics. the steel temperature, the
infumescence mass boss and thickness variation were measured. A numerical model is aso
presented fo study the intumescence behaviour, The paint themal decompositon numerical model
s hased on the conservation equation of energy, mass and momealui,

1. EXPERIMENTAL TESTS PERFORMED IN THE CONE CALORIMETER
To assess the performance of two commencial water-based intumescent paints a et of experimenstal
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tesis was performed i a cone calorimeter, see Fig. | and Fig. 2. The steel plates are 100 [mm]
suared and 4, 6 [mm] thick, coated in one side with different dry Glm thicknesses and tested o a
cone calonmeier as prescribed by the standand 1505660, [B]. Temperatures are mepsared by imeans
of four thermocooples, 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 conted allowing foe the
initial conting mass. The dry thickmess was also mensured in 16 different points, being the mean
values and the standuard deviation presented in the Fig. 1.
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position af the thennocouples.

Between the siecl pinie nnd the sample older two silicoe plaes were used (0 pul the specimen in

place and also o thenmocouple was placed o measure iis temperafune veriation. The distance

between the sample surface and the heater remsained unclamged, o approximately 80 [mm], which

means that with the incressing intumescence the top of the sample came closer t cone surface. Due

to the lorge amount of resulis, coly g 521 of samples will be referenced i this puper.

LI Experimental Resolts

The tempersture evolution in @ stesl plate without protection was plso tested o attain the efficiency
of this fire pm!ﬂcuun The measurcd temperalures are presented i the Fig, 3 for o rediant heot fux
of 35 [KWim'] and then reseiting the oo o 75 [K"E-’.l‘m:]

Fig. & represents the mass 'E-m ool ench sample and shows o variation almost linear with time mainly
for 0 heat flux of 35 [I:Wm 1

Using discrete (mames obsained from digital comera during tests and by imege processing techniques
wsing Matlab, the Intumescence development was measure over time, Figo 5 presents the
mfumescent development (Free boundary L(H) for specimens with paint A and B, different
tiicknesses imd radiant heat fuxes,
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proiscticn.

Higher intumescence may be noticed in sample right region coincident to the thermocouples wire
position responsible for conting accumulation. The presented values are mean values detennined
from four centml mepsurss,
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F.Ig. 5. Inlumescence ihicknzss mean valees of four centrnl mezsursmenis.
The fipguzes shown thal for the lower hest Qux the infumescence becomes stable, but for the higher it
continues o increase, Coating A presepts a higher expansion at the initial stage compared o the
coating B. For lonper exposure periods of exposure cooting B continues o expand,
The steel temperature profiles and temperabures atb the middle of the silicate plates are reported in
Fig. & and Fig. 7. Measured volues from the thermocouples weldsd on the boltom of the plate ane
very close to the lemperatures af the lop, For the same heat flux, the time to reach & same
temperuiies increnses with the increace of the dry thickness.
The behaviour is very similar for both coatings, but for all cases the Gme o reack, for exemple &
temperature of 200 ["e] is always higher when the paint B is used. For these conditions it gives an
improved firs protection.
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Fig. 6. Tampersiurs vasiation of steed and silicito plales for coiling A,
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Fig 7. Temgeeniirn varsation of sleel and siliceds ploies for comiag B.

2 MATHEMATICAL MODEL OF THE INTUMESCENCE BEHAVIOUR

The problem o determine e temperature field in an intumescent material nvalves the solution of
& phase transformation problem with bwo ore more moving boundaries that charncierze its slaie,
initial, soflened and carbonaceous char, Different methodologies can be fousd in the Hlenire to
model the thermud decomposition of & polvmier or polymer based materials. The methodology
followed im this work wis 10 consider that the decomposition occuss not enly ol the oulzide surfuce
but also inside, for wmperaures ahove the pyrolysis temperatora, 7,, In this case the moving
bonndary regression rate must be detenmined considering the motion of &ll domaln, This sralegy
impiies that o moss diffusion term needs to appear in the energy equation due its motion. This term
whs digregirded duc 1o the small thickness of the virgin layer for this tvpes of applications, about 1-
3 [mmi].

Copsidering a first order reaction, the mass 1oss is ghven by

9

lr(cll=2e = aye T g TaT, a

wheie fi s the local mass loss [k m']:"il T {x,1) is the temperature ot point x at instant ¢, Ay s
the pre '::[:H:INI:EIJHJ factor [57°], By the activation energy [J.mol™'], ond R the universal pos constant
Dmol™ K™}, The position of the moving boundary is ohtained by summing all the mass Joss and

dividing by the specific mass,
The energy equation for the steel and virgin layers is based on the one-dimensional conduction hest

equadion.
The conservotion equation for the solid virgin matesrial phase 55 given by

'}%r;r. =iV, {2)

Where v, represents the destruction rate of virgin material per unit volume, originsed by the
thermal decomposition, The virgin material decomposition produces a fraction of gas. equal to the
porosity, @, and a solid char fraction equal to (i -@).

The formation rate of chor and gas mpss i5;

;ia".,,=—[l ;J:] "F{’ w,';.,,--~[|_i| P”]p 4 dste) 3

& represents the fraction of te bulk dms]L}' difference between the virgio and char materizls dac is
converled o gas. In this study the value used was =066, [9],
The conservation of gas mass equation i€ given by eq. (4],
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In the previous equation @V/dr represents the intumescence rate. The gas mass Mux, M, is
caleulnted acoordingly 1o Darcy's law and it i3 assumed that the gases present in the intumescent
maierial beliave a8 a perfect gos, The thermodynemic properiies are reloted by the ideel gos law and,
pszuming thet the ges 15 o mixture of SO0 BC0, and 5wl L0, (he penerated gas molar mass
used in the model M, s 31[g fmot].
The conservation of gas mass equation with the Darcy's and the ideal gas laws combined can be
psed fo give o differentia] equation for the pressun: inside the intumescencs. In ibe dumeric
calculations, the infumescence rute 15 pssumed e be known, provided by the experimental resulis,
g0 the pressure caleulafion is disregarded being assumed that the intemal pressure is constanl and
equal to the stmosphers pressure, An ensrgy equation foc the conservation of energy witldn the

intimescense zone can be ofained by combining the epespy equation for the pases with thot of the
colid char material, The equntion for the conservilion of energy per it bulk volime com be wrilien

(ool -+ i co, )= a[- ‘;f] o 2~ (pcp)y T2 5

where (pCply =o0,Cp, + - plo,Cp, and &y =k, =l-gk,.

The effective (hermal conductivity for the intumescence bulk material, incloding gos and char, is
equal 1o the thermal conductivity of the gas per unit balk volume, plus thet of the solid material
The same thing opplics to the effective heat capacity.

In the steel phte back surfivce it 15 assumed an adiabsne boundary condition and at the boundary
sipzlivirgin lavers il is assumed a perfect thermal comtact. Al the moving fronl, the boundary

combitions are;

k, %IE=F?; ~ealr* -1} |-h (T -T,) Sor Tlslehi)<T,

(6
ofr . T _ =
#'1';1; k‘ELr o, for Tlsle)r)=7,

In which (3, is the heat flux due io the endothermic decomposition of the virgin metenal, given by
0y =—.ﬁrp_.+[r1ll, where i, represents the decomposition enthalpy. A wide range of values are

reportad in the licerature for the beat of pyrolysis and go from a few units to unils of millions. The
wiloe wsed in the caleanlotions was 50 [1kgl

The intumeascet {:uaung specific mass was measured by the pycoomieter method ngu a value of
1360 and 1250 [kp/m’] for the virgin conting and o value of 692.4 and 430 [ke/m’] for the char
materisl, for paiets A and B, respectively, Steel properties ane .msumu:d constant, with a specific
heat value of G [Lkek] and a specific mass equal o 7350 [I-:gl’m} The intwmescent coating
specific heat was sonsidersd constunt and equal to 1000 [keK]

The mathematical model i3 based on the following major simplifying assumpticns: there is no heat
bebween pas and chor, the thenmophysical properties snd the pressare af bolh layens are constont,
The soloiion method was inplenented ina Matlab roistine dsing the Method OF Lines (MOL), [10],
end the integrator odef 5k to solve the et of ordinary differential equations.

The temperature field i determined by the steel and virgin energy egquatbons. When the fromt
resches the pyrolysis temperare, egual o 250 [%c], starts 1o decompose and o move. Then the
moving front rate iz determined and the inumescence forms. The position tee free boandary s set
egual 1o the expedmenial reselis pnd the intumescence temperature feld is determined. In zach time
step the virgim and char layers are remeshed.

The input paraimeters sre listed as follows: & =D 7 & = 0IWe ' K7 Op, =26000g K

Co, =0k ™ K™y b =20 K™ @ w002} Fa = 525K Ay =465,
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Two case studies ane presented in Fig, 8 and Fig. 9. In the first one the steel tempernture variation
and the moving frool posilion dre determined based oo g veloe of the pctivadon eperpy equud o

Ey = 1258 0mol ™!, The numerical results follow reasomably well the experimental values. The major

differences occur o inlenmediale imes probably becouse w rnsiton state of molien polymer wes
not considered.
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Fig. B Coamparisan of mewiired and compoied szel temperzsunes and position af the mavisg front, .l'".n = Izﬁmm.ﬂ_l ;
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Both the determined steel temperatores and the moving fromt are sirongly dependent on the
activation encrgy that defines the amounil of mass Lloss of virgin paint, as presented 1o Fig. 9. I must
ber gaid that the walwe used in the simulations was obtained from the literatwre, but the cosrect valie
of both paints are nesded, The reaction kinetics paramesees can be obtained from thermogravimenris
analysis.
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