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Elresir Ressoler,
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ey in Pragoe, The Joarmnd fizst appered o (8961 ander e name "Proceedings of the Crech Techniead Universing™, As d
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versities. Frve yeais ttes; in 1966, the Journal wis renamed Acta Tobvtechnica 1t retained Dis oviginol Leacures, but sarced ap-
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About the Conference on Applications of
Structural Fire Engineering

Chivent Burspean proctice o strochusl five |.'|:|.|;L:|.ﬂ:|:|'||_; i% '.rru:l:ng; more sl mae RECEpINCT of thie henedins so be
giined from performance-based ppproaches w lire-restscant desige, These seleaed phpers of voung researchers and thelr si-
perviars, from the Conference on Applicatons of a Foe Engineering, held at the Czech Techmical University in Pragoe an
1020 Feberary S, present the current state in the development and application of simple and advarced pedormance based
chesigm methods Bor conegrses, sieel and dmber srooares, Insernntionatle acknowledged rescach expers and specialiscs in
dhesign agains e et in this Conference, which offered an opporsunizy in *:h.ln*-.t"ln"l:rlru—r'. icles mpd Enowiedpe in both
the backgreand science and practical case snidies. One hndred colleagues had an oppormmity w address major present-day
quicstinng m twienty panel dessesions. The SpECTmm of reseunch thenpes covered in the Conference encompessed five mudelling,
heat tramsfer to srucural eloments, sumericl mdelling of therme-structiral behaviour at elevated tempesmres, smscural
fire testing on elemental pnd smcooral scakes, the development of simplilied design metods and sodies based on tse sersonral
Eviriades, There wenes pricical disipn case sadies demnonsoms g the wavs in which p-HJru mience-tnsed sircmsd fre '-.|.|'r|.
clesign methodds hove been appliztl in seal projeos, and discissbens aboat the ecimamie and salfery mplicatlons ol wsing dhess
miethods o place of the oaditiona! prescriptive rles.

Bised o dnerest i the Prigue svent, a folbow-ap ASFE Conference is schedhbed o be held i Manchester on 8021 Febme
ary 21111, e |.1r||'|;.'.'|-|||'|'|I"|r|_'rli:-sign..r=_'. |
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Decomposition of Intumescent Coatings:
Comparison between a Numerical
Method and Experimental Results

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

A fiestigation o fuve differed infamescnl coprimgs wsed o sted fire frrofection s beem fresforwed fe oonlieate thetr efieivncy. o st of ex-
prerimental ik & prevented, Tiey nere eandelod in @ s enlorivefer, consdenng differend thistnesses ot bt fimes. Ariorg e
gaanifities, e vt dewfieretiere aivd tha infmuerense Backiss rrime pen wriidaredl, A wamerical model B e i deoempanition 4
iefa preesendvel, Beserd ow e drdamescenee experimental velur, e wdel i abie fo el o wveson iy et brvalicd e of B sfeel femfiera-

fre el v,

Weyuirids: Fivw pratectiom, tufussescent contings, mme catormmefer, char farweafim, Dol dressfr, eergry eqquabivs, Mverwwl devom i ow,

fovesity, artienin mmeiio, seffomion eneEe.

1 Introduction

Pastive fire protecion materials insuiate steel strachures
frevm thie elfects of the clevated tempermres that iy be gen-
erzted during a fire, They can be divided joro two oopes,
pen-reactive, nfwhich e mostcommaon types are boards and
sprays, and reactive, of which intfumescent coalings are an ex-
arsple. They wre availeble a5 sulvenl- or water-based systems
upplied up to approcimaely 3 mm. One profblem nsocated
with the use of such sysiems & the sdbesion of the charred
srrcrure m te steel elemenn doring and alber o fire. [Uis very
mmpoetuit that the char remains in the steel surface 1o ensure
fire proection.

Intumescent dhembstry has changest Hode in recent veass,
wivd almost all costings are kagely besed on the presence o
similar key components. The chemical compomds of -
meswent systeens are classificd. mito four categorics: o -
bonfsarinn sgent, o varbon rich polyhedic compountd theat
influemers e ansming ol char formed wed the sate of chae
Frsetaian; an acic soeree, and a foaming agens which durng
their degradation relesse non-fammable gases such 28 GO
anct MH4 [ 1].

Activaped by Are or head. a soguentinl chemiczl reaction
bepween several chemical producis tmkes place. At highes
teoperates, benveen (200300} °C, the acid reaces with the
cvhonilerons agent. The formed gases will expane, beygin-
ningr the mumescence in e form of o carbonaceous char,

Diflerens models handle the intuoescens behaviur with
char-forming pofymers s a heat and mass trnsber post-
bem. Otlser existing models provide a suitable descriprion
regarding the mumescence atad char Formistion esmg ki-
nenic stichies of theymal degradagon, sccounting the comphes
seguence ol chemical resszions, thermal and oanspors phe-
nomiennn [2=5L

D o the thernon! decompositiom complexy of intumes-
cent coating sysbems, the models presented so far are based
o several assumprions, the mest relevant bemmyg the consder-
stbonn of ooue-dimensionnl best transfer dueogh - materil,
temperamre and space independent thermal propertics and
the assumption of 1 constant mcdent beat Mux where the

a0

st Tosses by padiation and convecton are ignored [3]; Some
aethers alss pssume that the theemochemical processes of
innmescence scour without energy release or enengy absorp-
thom 6], Besilts shaw that the inmlation elficiency of the char
depends o the cell somctie, and thie bow thermnd condiseti-
ity of nmmescent dlksrs results fom the: pockets of mapped
s within the porous char which sctes g Lilowin g spemnt oo tlic
solii] marerial

In a previous work consicering the rewaie olsained from
coated steel plotes rested in 3 cone galoimepen, the suzhors
stuclied intumescence as i sngle homogenecas bier The
ateel empernmee varindon wis oonsidered, anrd with the
innEmescence sthacknes tive varintion wn inverse ooe-dinen-
sional et conduction probbem (THOF) was appiied o
determine the inmmescence. elfective thermal conductiviey
anel thermal vesizmnce 7],

This woerk presents an esperimental study 1o assess the
performance ol witer-based intumescent paings used as a pas-
sive [ire protection material, These tests were pertormed in o
cone calorimeer, i steed pltes conred with ove dilferemt
paints, three dry flm thicknesses and consiclering two diffies-
end radesnt beat Duxes, During tests, mnong eaher quantrics,
the steel emperarure, the mnmescece mass loss and chick-
ness yaristion were nweasared, A mumencel model 5 alo
presenzed o study the inmemescence bz lsavioan:. The paim
therimzl decomprsition mumericnl madel 5 based on the
cnnservation equation of energy, mass and momeniain.

2 Experimental tests performed in the
cone calorimeter

T assess the peclobimadi i aff poe ermumereia] woterdased
imtamescent paine, o set of experimental pests was perforimed
i1 o cone calorimerer, see Bz, | and Fig, & The steel pkaes ane
100 mmam sequared and <, G mun thick, costed on one side with
differens dry flm thicknesses and 1ested ina cone calnrmeser,
a5 prescribed by the 1ISO5860 standamd [BL Temperiires i
mensured by means of four thermovowples, type &, welded
the plate o che heatingg sicle and on the opposite sde, ap oo
different positions. The samphes were weighed belooe and al-
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e being cowted, 19 allow for the il cobtbeg ozaes: Thie dry
thickness wis also measred in V6 different points, The mean
vabies zisd the standard deiation are presented i Fy. 1.
Beovern the steel plice wd the sunple alder; b sitioee
plates were wsed o put the specimen in place and also o ther-
mecouple wis placed o mesiune iy Emperabine vinstion.
The desmnice betwern the suarple sirfaee mnd the hener e-
meined wnchaiged, au spprosimocely G0 [mngl. This s

7 MR RN
ﬂmﬁ%ﬂ

that witly the increasing Innumescence the top ol e sample
camiecloser mothe cone surface. Thee fo the laree volume of ve-
sults, anly 2 st of sanzples will be relerences in this pagper.

Exprerimental resulls

The temperatiare evoluton m g steel plate withour pro-
teetiony wis also tested w0 atan the efficiency of this foue
'|:-'r|:-r=-:r.i|:||.1. The measurcd temnperabures zre presenied in

ke ), W
e e e

AR MﬂJ! s

In T Tay ialoe mril apiiabai

Tol. T2 - Bty rorier wired e
Ty - Calcas rlomplan Taoezas

Fig. %: Comted sieel piztes, with lixed thermoooaples. Tesced samples ac 35 £Wim™ and ai 76 EWin™, relerence amd positian af the
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Fig. 7 Temperatuze variation ol sieel aned silicse plates for ciating 1

Fmanclary Lkt for specimens with paint A and B, dilferem
tricknesses and madmne best fuses.

Higher inmimescence may be. observed in the somple
ragphi regiion cotncidens to the thermoceazde wite position ne
sponisfbée for copting aoounmidaoon. The presened values ac
mean vibues determined from four central measures,

The Aguires shon thne Tor the lower lear Bu the -
mescence hecomes stable, b Jor dee higher heat flux =
votitmes b inerease. Coatiogy A presens 3 highes expenslon
ir tlee beiind scoge compared oo comtivg B For leager peviods
sl exposure coning B contines to expand.

The steel temperatre profiles and seoperanires mn the
migile ol the silicae plotes are reparted in W, Gand Be 7,
Meastired vathses from the thermorouples welded to the boo
town of the plage are very close o e temperanizes az the tp.
Fror the same heat Do, the e w0 reach the sone emper-
ture inicrezyes with the increase of the dry thickness

Thae behavssar is very similar for bot eoarings; bae Goe ol
cases the time tooreach, e.g. o temperamire of 200 °Cis ahvays
higher when paint 1 is wed. For these conditionms w gives o,
proved five proveciim,

3 Mathematical model of the

intumescence behaviour

To determane the temperamre Beld inan mmmesceni
marerinl, it B necessary o solve & phase oanslormantion prob-
lem wich tw e more moving boundarics that chamcterme
b sibe, Inkal sodteaed and coboiaceons chin e
miethodologies con be feond in the Beranare o misdel he
thermal decompesition of o pedvimer or polymer based mate.
riaks, The methodolgy lollewed in chis work was to conside

thar the derompositien ecours nac only st the muside sorface
buit also insde, for temperatines above the pyrolvais tenpera-
mre, Ty, In this cise the moving boundary reyression mee
st be detecmired conaidering the aseion of tee wlsole da-
nexin. This stracegy inplics thora mass diffusion germ needs
tda .'I.'Frll!nJ'i:rI:'I‘J'lt'-L'l1E‘FE‘:|' |:|:||.1.:|ri|:|n chze to ats moticn. Thes erm
waeh clisnegarded due oo the smnll dhicksess of the viegin lnye
las this ypes of applications, ahoe 1-5 mm.
Considering = lirse oocder resctbon, thee mass [oss is given by
5
mqr-r:-.-,::.;:%r.:-p, Agn FTET) for T2, (K

wtee ok s the ol s loss kg T, ) is the temper-
Hrure et peknl x ut instant £ Ag 5 the pre exponenial facior
{5, £y the actvation eseegy [Jmel™'), and # the univer-
sl gus condtant | J-emed™ K] The positon of e moving
Bonriclary bs odreained by summining all the mass kass and divicd-
iy by the spescilic nesa,

The energy equation lor the secd and vrgin bvers &
based on the one-dimensonal contction bear equation.

The conseivation equation for the solid virgin mocerial
phase is given by

I
T%':mﬁ = i 2]

where wy® represents the desineion rare of virgin material
peer i volume, origivaned By the thermal decom posicicn,
The virgin matertal decompesition produces o bacton ol
gas, equal to the porosizy, & and a selid char frction equal to
il =g

{EH
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“The formation vate of char and ges mass s
: i s i1}
""';:h ™ '[ I= ﬁ: ]—'-"".""j ———
ool oee) ] a0
'I:Ilf"“ - -'| I --Ll = E: J]:':Ip....-] -rJr s

di
y represents the fraction of thee batk density differcnce be-
oween the virgin aed chor materials that is converved 1o jrs.
In this sandy the volae wsed was ¢ = 00, [9].
The conservation ol gas veass eguation is given by B b

1

il F ikt

In the previous eguation, AV represents the inhomes
cence rate, The gas mass Ous, iy, is calodated accordingly to
Darcy’s law and iz is assumed that the gases precend in the in-
amescent makerial belsive a5 a perfect gns. The theemody-
namic properties ore relaced by the ideal gas law and. assom-
ing thas the gns i a maxtune . of G000 aml SuhH A,
the geoerated gas molar mass wed in the model Mg B
31 ool

The conservition of gas mass equation with the Darcy amd
the idez] gas Inws combined can be wsed o give & differential
eruation for the presure mside the inmmescence. In the
mrmeric caboubsivas, the innimescence mate is asswmned o be
ks, prowvided by experimensad resclts, s6 the pressure
@lculition is disregrded on the asumpton thar the internal
pressure i constint and equal 1w the ameapheric presne,
An energy equation (o the conservaton of energy within the
intumescence zone ean be chiained by combining the encrmy
eqquarion fov the gases with thar of the solid char material, The
erquatinn for the comservition ol energy per unit bolk voheme
cani bewritien ns

T, i ATy o
'!:Jf?-'!..-nr;";H‘:T:‘"-h’-'ul“‘;‘[ﬂvlr mJ b

=l
5 7 al
= AC) i e
wlhiere
rpf';b]-:ﬂ' “'.I"PEC‘I!E “+ (1 "'F]'-ﬂ;f:fﬁ
and

K =gty + (1 - A

The effectve thermal condhocivty ke tse nnimescence
bk nmaberial includling pas ad char, s equal o the thermad
conductvity of the gas per unit bulk volume, pus that of te
solid material. The sume thing apples to the effective heal
LEacy

In the steel plare back surface we sssune an adialbatc
boundiry concdion, and ar the Iundary seelivigin bvers
we assuime & perfect theemal contact, At the moving front. the
benandnry coarhitinns mme:

oo PO ) - .
Jﬁ.a.-n;, - pr{T! =T = BT =) for Tisi),0 < T,

a7 at
=Ry
in wiich (L & the beas P die o e endothermic deosm-
position of dw virgin materinl, given by gy ==k, 0, 1
where &, Tepresenis the decompeoston enthalpy. A wide
range of vabues sre reporied in the Heersoore for the heat al

i
bor Tixifh) =T,

&

pyrodvsis, ranmping frem ol units w units of millions. The
vidwe tised B the coloularinne wis 50 [k

The inmmescent coating specific mass was measuned by
the pyenometer method  given 2 wvalue of 1560 amd
1950} kg'm” for the vingin coatieg cnd & valoe of 6224 and
#50 kiy'm” lor the char macerial, for paints A and B, respec.
ively, The steel properties am asumed consant. with a
specific bear value of 800 [hkgKand a specific mass equal 10
T85 kg

The mathemarical model is based on the following meaor
simplifving assumptinns: there is no heat berween gas and
char, the thermoplwsical propertics and the pressure at bich
levers are consnn.

The sethrdom maethod was anpleoened io o katlab -
time psinyg the Method OF Lines MOLL [HL and the integrs.
toor ol d % 1o sodve the set of ordinary differentmal equarions.

The temperatune feld B deermined by rthe sieel and nr-
gin energy equations. When the front reaches the prrolysis
remperature, equal o 250 °C, it sthes 1o decompose and o
miove, Then the moving froor mie s determined and the
umesceno: fonms, The pasition the free boundary # set
egaul to e experimenal el and the innimescence -
peramire feld i detenmined. In each rime sep the vingin and
i Bayer's are remeshed;

The nput parameters are Sued 25 folloes;

k=05 W bbb =00 Wm LK

Oy, = 2000 JRg™ K7 Gp, = 3000 Fhg™ B
b =00 W K" £ =082
Ty =520 K; Ay =467 a7l

Tivo case studbes are peesenied in Fig, 3 and R, 9. In the
brst sy, dee stocl empernoure varmtion and the moving
frome prosition are deermined based on o value of the acti-

[ 5 3@l -y =l
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= f - L8 I
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Fig 8: Comparison of mevisred and ompaled sieel empers-
piures and poslon of the moving froni, E; =195 K] amal™
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Fig. B Inlhieooe o the maivatien eoergy in the seel iempemiire
amd i the onmving el

wwtbon enerny equal o By =125 KJmel™, The mumerienl
restlts lkow the experimenl vahees reasomabdy well, The
major diflerences oroor ar intermeione tmes; probabdy be-
case o rrnsEion stene o moeleen pobomerwas nor considesed,

Buoth the determined sieel emperatises and the moving
fronzt are smeagly depeodeit on e satvation enesgy that de-
fines the smoent of mas koss of virgin paing, ae preseniod in
Fag. 0 1t mase be saxiel that thie valie used inthe somalacions

was ohtpined finn the Breramge, bor the conect valoes off

bz pruanaes are needed. The reacsion kinerics parmmeters om
b ostnkinied] oo thennagrandinetrie anakysis.
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