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Abstract

An meestization gf rwo different inumescent coatings uned in stewl fTe protection has beem performed fo
wvaiuate ther gifichency. Among oiher quarndites, the theel femperanre and the Miumescance thickness varizion
were maarored. 4 maothematical model for the mumescent coating B developed. It conciders the coating
decomposition and models the protection By heo lowers, the reacted and the nreacted lgyer. 4 comparizon
fatween the axpermmantal reslis and the ones pbiamed from the nimerical model T presented.

Eey-words: Fre Frowcion, Inumesceni Coammgs;, Come Colorimeder; Hear Trangler, Thermal
Dacompesition

1 Introduction
Thin film infumescent coabings are mostly wsed mn the ol copsimaction mdustry © morease the fine Essaoe

requirements prescribed by the struonmal fite design codes. They are applied essentially to stnacraral edements
with madeguate fire behaviour, like the case of steel and aluminmem stoectares. An mhomescent coafing when
submitied o fire sfarts fo bubble and swells to form a carbenaceons, poroas, low-density char, redocing the heat
mansfer to underbying virgin material layer and therefors to the sabstrate.

The perionmancs of two commercial water-based mmiumescent pammt were assessed by a set of expenmental tesis,
condactad in a cone calorimeter, which enables the mass loss mie caloulation, the sabstrate temperatre and the
minmescence thickness vamation with mme, [1].
&mﬂdmﬂﬂtmbhﬂdﬁhhcm&meqﬂndwht&mmmmm:
layers, the consenvation of mass of pas and solids and the trapspect of gas throweh the char s modellad using the
empincal Darcy’'s low approximation. The mods] allows knowing the moving boundary and the free bomdarny
bocations and therefore the cwerall infumescence thickness with time.

The paper presenis the mnde] developmert, the mumenc trestment of the differential equations and, based on the
mmescence thickness varaton. the stesl femperature comparison berwesn the pomernic and the expermental
resulis.

2 Results from the cone calorimeter tests

To aszess the performance of o commercial water-based numsscent paints a set of experimental tests was
performed [ a cone calonimeder as prescrbed by the siandard T905660, [2]. The steel plates were coated in one
side with different dry film thicknesses (15, 1.5, 2.5 [mm]} and tested with fwo radiant heat fhoges: 35 [KW/m?)]
and 75 [EW/m2]. During tests, among other quantities, sieed tempemmnue, inmmescence mass doss and thickness
varation were measured. Additonal resulis and a defailed presentation of the expermenial work can be found m
[}

The sieel tempemiure profiles are repistered o Fiz 1 to Fig 4. The measured vahies from the thermecouaples
welded on the bottom of the plate are very close to the femperatares measured at the fop. For the same heat fux,
the time to reach the same temperanre increases with the increase of the dry fim thickness,
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Fig. 1. St=el plate temperatres for 4 [mm] specimens, Fig. 1. Steel plate temperanires for 4 [mm] specimens,
with coating A, tested with heat a fux of 35 [kwm®].  with coating B, tested with heat a flax of 35 [kwm™].

T e gy nstii v |

Fig. 3. Stesl plate temperatures for 4 [mm] specimens, TFig. 4. Stesl plate temperanires for 4 [mm] specimens,
with coating A, tested with heat a fhux of 75 [kwm®].  with coating B, tested with heat a flux of 75 [kwm™].

The mhumescent development (free boundary LiT)) is represented m Fig. 5 to Fig. B for specimens with paimt A
and B, with different thickneszes and radiant heat fluxes. The presented vahues are mean values of four cemral
measurements in the distance between the thermocouples. The fizures show that for the lower heat flox the
minmesence becomes stable but for the highest it confioees to increase. The coating A have a higher expansion
at the imitial stage compared to the coating B. Faor lenzer periods of exposure coating B contimees fo expand.
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Fig. 5 Coating A infomescence development for 4 Fig 6. Coatng B mhumescence dewelopment for 4
[mm] specimens tested with a heat fhox of 35 [kwm™].  [mm] specimens tested with a heat flux of 35 [owm™).
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Fig. 7. Coating A infumescence development for 4 Fig 8. Coatng B mumescence development for 4
[mm] specimens tested with a heat flax of 75 [kwm™].  [mm] specimens tested with a heat flux of 75 [kwm™).

3 Intumescent coating modelling

The mwdsl is based on the assumption thai the coatng decomposss m a single step reachon, af a specified
renperatare and in 3 very thin front, which separates the reacted zone from the virgio marerial, to velatiles and
residual char. The decompositon pases are assomead to behave ideally and are oot resctve. Az an additional
amplifying assumpiion the char and the gases are considersd as being in thermal equilthrmm. I 5 considered a

generalized Sefan problem m which the moving boundary and the free boundary locations are determined as
part of the problem.

Fiz 9. Intumescent layer cooss section oaf. Fig. 10. Vizzin and char layers finite diffarences mesh
Bieference and position of the themmocouples.

Chifferent methodolegies can be found in the hfemfore v model the thermal decomposibon of a polymer or
polymer based materials. Dmmmtusht&ﬂlﬂﬂlemnhmummlyﬂﬂ&mﬂmalmﬂm.:-"{ﬂl being
pecessary o specify the pyrolysis emperamre and its heat of vaportsation. In this case the temperamrs inside the
vtghhgudmnﬁmeaifp-ﬂispmsﬂﬂetnmmmHlmmlpymlyﬂstmnhplxeaisuinﬂnmfﬂ,
bt following one-step reacton approximated by the Amhenms equation. depending on the instanfaneecus surface
femperatore. The methodology followed m this work was to consider that the decompositen ecors oot enly at
the surface but also inside. for tempemmres above the pyrolysis empammre. In this case the moving houndary
regression rate mmest be determined considering the metion of all domain Thiz smategy implies that a mass
diffasion term peeds to appear m the enerpy equation due ifs motion, bt i was disreparded doe to the small
thickness of the virgin layer.
Considenng a first order reaction, the mass boss is given by

a Jor T«T
. l 5 :

5 (h

~pdge T gy TET
where m ame the local mass lesses, T{xt) 15 the tempershae af poind % &t mstant ¢, A, is the pre exponential
factor, E; the activation esergy and B the universal gas constant. The position of the mowving boundary is
obitamed by summing all the mass losses and diadmg by the specific mass.
The enarpy equation is for the steel and wirgin laysrs are:

Tz o)-
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The conservaton equaton for the sobd virgin matenal phase is grven by
doF -=d
Py widF
e w,"F, ()
Whete " represents the destruction rafe of virgin material per unit volume. eriginated by the thermal

decomposition. The virgin matenial decomposition producss a faction of gas, equal o the porosity, ¢, and a
sotid char fraction equal to (1-#)-

1&g virgin coationg — v, FUTES + v, Char 3]
v are the sieichiomeinic coeffcients and are related to the zas and solid fraczons
LP!.EG:FE-? u‘EEFE{l—F} l:ﬁ'..l

r-[—&}z M
s, |
& mepresents the fracton of the bulk density differsnce between the virgm and char matersals that is converted

o gas. In this sbody the vake nsed was y =066, [3]
The formation rats of char and pas masses i:

ey )
——— :

The conservaton of gas mass equation is:
Ap.e)l p.paT . a0
o F o [=i
In the previous equation &Fj& represents the imtumescence rate. The gas mass flux, ml.lsnlcuhtad
accordiogly o Darncy”s lawr

), - —115% an

It is assumed that the gases present m the infuomescent matenal behave as a perfect gas. The thermodynamic
properiies are related by the wdeal gas law, assumung that the pas is a mixbore of 30wiie00, and 5wt Hy O

H’ -

TR T
A, is the mean melecular weight of the gases, M = 50%My,, +50%M . Therefore, the generated gas
malar mass wsed in the model is 31[g fmai].
The lasi three equabons combined can be wsed to zZve a differestial equation for the pressure meide the
mumescence. In the pumenic caloalatons, the Mmhmescence mie is assumed to be knewn, provided by the
expernimenial results, so the pressure caloulshon is distepanded bemp assumed thai the infemal pressure is
constant and eqoal fo the aimosphenc pressure.
An enerpy equation for the overall conservation of energy within the mmfumescence zone can be obiaimed by
combiming the eoeprpy equation for the gases with that of the solid char maternal The equation for the
conservation of enerpy per umit bulk volume can be writen as:

{12
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The effective thermal conductvity for the mimmescence bulk maternal, inchuding gas and char, is eqgual fo the
themmal conductivity of the gas per mnit bolk wolnme, plos that of the solid material The same applies fo the
In the siesl plate back surface it is assumed an adiabatc boundaty conditson and ai the boundary sieelvirgin
layers if is assumad a perfect thermal contact At the moving fromt, the boundary condifions ame;

82 gl -nbar-n)  pr TEEO<T
O M T

{14)

{13)

In which @, is the heat firx due to the endothermic decomposition of the virgin material, given by —h, g, £{t].
where fi, represents the decompositon enthalpy. A wide mange of valnes are reported m the lteramme for the
beat of pyrolysis and aopes from a few units to uni of millipns, The value osed m the caloulations was 50
[ke].

enavally the emissivity is temperatures dependent and varies as a function state of the material For mvnamascent
maierials vahes between .7 and 025 can be found in the literahore, where the lower wvalue is normally nsed fior
the virgin material state, [4], and vatues of 0.8, 0.9 and 0.%5 are nsed for the miuvmescence char surface, see [4,5,
). In this work an emissivity vale of 0.92 and 3 constant coovectve heat transfer coefficient emaal ta 20
The intumescent coating specific mass was measurzd by the pyonometer mathod ziven 3 valoe of 1360 and 1250
Etg.ﬁ]ﬂu:ﬂnmgncuhnganﬂauﬂmnfﬁﬂ#aﬂ4:ﬂ[tg.m’]fnf1ie1iarm{:lpam15_hmﬁﬂ
respectively. Steel properties are assumed constant, with a specific heat vake of 500 [JEkeE] and a specific mass
equal to 7850 [kgm’].

The mathematical mode] is based on the following major simplifying assumptions: there is po heat betwesn gas
and char, the thermophysical properties and the pressure at bodh layers are constant.

The solution methed was implemented in a Matlab routine osing the Method Of Lines (MOL), [7], and the
imteprator odel 5o to solve the set of ordinary differential egoations. The temperanre field is determined by the
sieel and vEpm energy equations. When the oot reaches the pyrolysis temperaiure, equal to 250 [Pc]. staris to
decompose and to mowve Then the moving front rate is determined and the mhmmescence forms. The positon the
free boundary is set equal to the experimental results and the inhmmescencs temperane Seld &5 determined. In
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Fig 11. Companson of measared and computed siee] femperatares and positvon of the moving front,

E, = 125K Hmoi .

The mumerical results follow reasonably well the experimental vahues, as presented in Fig 11. The resulis show
that both the determined steel temperafures and the moving front are smooply dependent on the activation enerEy
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that defines the amount of mass loss of virgin paint. The wahie used n the simultons was obfzined from the
Lferafurs, bat the comect valwes of both pamts are needed Cumently a set of thermogravimeinic tests are being
conductsd to determine reachion kmetics parameters, the activation ensrgy and the exponenial factor

4 Cooclazions

A mimencal mode] 15 applied fo detenmine the sieel temperaiure considerng the mnmescence measured 1o the
cone calorimeter experimental tesis. The mode! considers the imfumescent heat sink and swelling based m the
mass mansfer, swelling and the kinetic decomposition The remlts show that temperatore vanation i srongly
dependent on the kinstic parmmeiters.
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