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ABSTRACT

A bench-scale test combining mass loss cone, Fowreasform Infrared Spectroscopy and
Electrical Low Pressure Impactor (MLC/FTIR/ELPI) svdeveloped to enable simultaneous
evaluation of the flammability parameters, the gaseolved (qualitative and quantitative
evaluation) and the smoke particles (size distitlouand concentration) generated by the
combustion of the studied materials. This benchisedesigned specifically to investigate the
fire behaviour of manufactured products such astmtecables, as it is difficult to fully
examine the latter with bench tests of the typerntlogravimetry or pyrolysis - gas
chromatography/mass spectrometry, which can only simall quantities of sample (from pg
to a few mg). After setting up the MLC/FTIR/ELPIwaing, methodologies were established
for qualitative and quantitative analysis of evalvgases and smoke particles. Experimental
trials conducted on ethylene vinyl acetate (EVAM agthylene vinyl acetate/aluminium
trinydroxide (EVA/ATH) as reference materials dersivated that the bench test provides

accurate, meaningful and repeatable results.

In the fire tests on neat EVA, acetic acid, frora tte-acetylation of the vinyl acetate group,
was detected as the highest concentrate gas irsrttuke release prior to ignition. The
concentration peak of the acetic acid is showmtweiase in line with the applied external
heat flux level. With regard to the yield of ace#icid released, it is demonstrated to be
proportional to the external heat flux (25, 35, &@d 75 kW/m?2). Concerning the carbon
dioxide, carbon monoxide and water content in theke emission of ethylene vinyl acetate,
it was clearly apparent that, on the contrary,aténs in the applied external heat flux had no
significant effect on the peaks of concentratiod parsistence of these gases. The latter were

mostly released during the flaming phase of ethe/Minyl acetate combustion.

In relation to the fire behaviour test of the edmg vinyl acetate material filled with
aluminium trihydroxide, it is noteworthy that higloncentrations of water were detected not
only during the burning phase but also before ignjtfrom the early stages of thermal
decomposition. This is due to the dehydration efaluminium trihydroxide. In this case, the
peaks of concentration of water, carbon dioxide @amtbon monoxide in the smoke emission
increased with the applied heat flux level. Moragpwe noticeable change occurred in the
initial decomposition pathway (EVA vs EVA/ATH) with shift from acetic acid evolution to
acetone production. This is ascribed to the Lewdisd/Base interactions between the
CH3COOH released from the EVA decomposition and thgOAfrom the dehydration of
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ATH, leading to the transformation of GEOOH into CHCOCH;. In addition, EVA/ATH
gave higher CO yields than those of the neat EVA.

In relation to the evaluation of the flammabilitarameters, it was determined that piloted
ignition can occur if EVA is subjected to a constheat flux of above 15 kW/m?, whereas
piloted ignition of EVA/ATH can only occur under rstant heat flux of above 20 kW/m2.
Moreover, the measured total heat release andvidrage effective heat of combustion of the
flame retardant EVA/ATH (19 £ 1 MJ/kg) is lower thaéhat of neat EVA (27 £ 3 MJ/kg).
Regarding the soot particles analyses, it was ooefi in both cases (EVA and EVA/ATH)
that the size distribution of particles emittedhe smoke falls predominantly within the range
of ultrafine € 0,1um) and fine 1um) particles. In addition, heat flux variationed not
modify the general size range of particles, whishdominated by particles of 1um.
Although particles above 1 ym are also measuresly #re in very low concentrations
(beyond 70% below) as compared to the ultrafinefaredparticles. Furthermore, the smallest

measured particles (6 nm) were detected in the srapkssion of EVA/ATH.

The MLC/FTIR/ELPI coupling was then applied to alrease of halogen free flame retardant
electric cable. The results proved to be consistéighlighting the effectiveness and
reliability of MLC/FTIR/ELMPI as an appropriate exqpmental approach for investigating
the fire behaviour of manufacturing products sushetectric cables. The conclusion is
therefore drawn that the MLC/FTIR/ELPI combinatiappears to be a complete analytical
system that enables to extend the understanditigedire behaviour of materials. It should be
an effective and useful tool in the field of fiiek assessment, as it permits to evaluate, from a
single fire test, flammability parameters and dlise effluents (gas species and particles)

during a fire scenario.

Keywords: Mass Loss Cone, Fourier Transform Infrared Spectipy, Electrical Low
Pressure, Ethylene Vinyl Acetate/Aluminium Trihydile, smoke, gas and particles.
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RESUME

L’incendie reste un des sujets redoutés par ldgsinies, les services et autres moyens
de production. Ce phénomeéne par définition incdatdans le temps et dans I'espace est
souvent responsable de perte de vies et de biemgx Bypes d’agression peuvent étre
répertoriés en cas d’incendie l'agression thermigae suite de génération de chaleur
engendrant la destruction des matériaux et l'agmstée aux fumées toxiques et/ou
corrosives, capables de se répandre au-dela du fogendie. Pour approfondir les
connaissances sur le comportement au feu de matéeh que les cables électriques, cette
étude consiste a mettre au point un banc expétah@ar couplage Mass Loss Cone,
Spectrométrie Infrarouge a Transformée de Fourier Irmpacteur Basse Pression
(MLC/FTIR/ELPI). Dans l'optique de caractériser sitanément les parametres physiques de
dégradation (taux de dégagement de chaleur, fitiguwe, chaleur effective de combustion),
les gaz et suies (qualitativement et quantitativeindans les fumée d’'incendie. Apres la
conception du couplage MLC/FTIR/ELPI, le développeimdes méthodologies compatibles
avec l'analyse qualitative et quantitative des gazles suies : la justesse, la fiabilité et la
répétabilité du banc ont été démontrées avec Iétley vinyle acétate/Aluminium tri-
hydroxyde comme matériaux de références. Le coapMyC/FTIR/ELPI a été ensuite
appligué sur un cas réel de cable électrique ndongéaé. Il est apparu comme une
proposition compléte pour la caractérisation du mporement au feu des matériaux et

répondre a des questions de sdreté incendie ettlerche et développement.

Mots clefs Mass Loss Cone, Spectrometrie Infrarouge a Toamsfe de Fourier, Impacteur
Basse Pression, Ethyléne vinyle acétate/Aluminitshyidroxyde, fumes, gaz et suies.
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INTRODUCTION

Fire has an important place in the classificatibrisks in industrial, public transport
and building facilities, principally because it dead to loss of lives and damage to materials.
Given the number and extent of potentially flamreamlaterials encountered in everyday life,
fire safety concerns remain a current and evereptessue. In particular, two types of
aggression are commonly reported as a resulted:fthermal aggression, namely a rapid rise
in heat generated by the fire development and dratdge, which can in turn trigger the
combustion of nearby materials, and toxic aggresdiom the toxic and/or corrosive
elements in the smoke, which can be transporteshaiderable distance away from the fire
origin. Smoke inhalation has been recognized asptimary cause of injury or death in
indoor fires because of the asphyxiate and/ogittigases it contairts.

Furthermore, the risks posed by corrosive gas epeand particles in the case of smoke
propagation in the vicinity of electric or electrordevices, including loss of metallic or
mechanical contact, corrosion and accelerated gg#iparts in the mid to longer term have
also raised some concerns regarding the safe ubesdfpe of device. The studies conducted
at Sandia National Laboratdry* by Mangs or Newma# highlight the potential effects of
smoke impact on digital instrumentation, notablyirareased risk of instrument malfunction.
Where it serves to ensure the safety of producpoocesses, a malfunction in digital
equipment could provoke shutdown, resulting in pbaly important economic
consequences for the facility concerned.

Detailed knowledge of the flammability parametefrsmecific materials and of the evolution
of gases and soot particles in the smoke genelatdle combustion of these materials is
therefore critical in the evaluation of fire risead/or for improving fire safety policies and
regulations in industrial facilities. When inforn@at on the thermal decomposition
parameters and evolved gases of specific matesia¢éxjuired, small bench scale tests such as
Pyrolysis - Gas Chromatography coupled with Massecspscopy (Py-GC/MS),
Thermogravimetry coupled to Fourier Transform Indh spectroscopy (TGA/FTIR)or a
Simultaneous Thermal Analysis coupling with FouriBransform Infrared spectroscopy
(STA/FTIR) have been often uséfiHowever, in addition to the limited nature of thtedy
itself, only a small amount of sample (from pug éwfmg) are analysed, which means the
study results are hardly applicable to a full “fefite scenario. Moreover, this type of
analysis (except STA/FTIR) does not generally teke account the aspects of quantitative

gas evaluation nor does it include an investigatbbrihe characteristics of soot particles
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present in the smoke. These aspects are cruciaubeairborne gases and particles can lead

to health and environmental issJés.

As part of its expertise, Electricit¢ De France éd@sh & Development (EDF R&D)
encourages the department of Fluid Dynamics, P@ereration and Environment (MFEE)
to acquire in-depth knowledge of the flammabilitgrgmeters of some materials that are
widely present in nuclear power plants (NPPs), alsd of the gases and particles contained
in the smoke produced by a fire involving these enals, such as electrical cables. In
addition, Probabilistic Risk Assessments studid®APhave classified fire as the major risk
in NPP4! because of the potential consequences of this afpvent, including complete
shutdown of facilities and the economic consequeraresing from materials damage and
production loss.

Several examples of fires at nuclear power plaatsbe cited: the first modern fire at Browns
Ferry NPP (USA, 1975) caused by an electrical ctlere? to the recent outbreaks of fire
at the Penly and Fessenheim NPPs (2013), althamtly brought under control, serve as a

reminder that zero risk has not been yet achiesddraas fire is concerned.

It is in this context that the present study watiated, as part of the Fire Safety Project at
EDF R&D and in collaboration with the Materials aficansformation Unit (UMET) of Ecole
Nationale Supérieure de Chimie de Lille (ENSCL).ctinsists of the development and
validation of an experimental bench test allowihg simultaneous determination of the: (i)
flammability parameters (heat release rate, ctitibaat flux, and effective heat of
combustion), (ii) evolved gases (qualitative andrguative evaluation) and (iii) soot particles
(size distribution and concentration) present ia #moke of a fire of specific materials.
Ethylene vinyl acetate/aluminium trinydroxide weteosen as reference materials, because of
the widespread use of this copolymer formulationaasoating or covering material for
halogen-free electrical cables. The fire behavioluethylene vinyl acetate both filled with
aluminium trihydroxide and unfilled will be revied in order to validate the experimental
bench test proposed herein. In addition to theectbbn of additional data, the validation
should demonstrate the efficiency of this “simuitans” technique for investigating in real
time not only the flammability parameters of matkyibut also the gas phase and soot

particles present in the smoke.
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In order to describe the development and validabibthe simultaneous bench test, intended
for application over an entire range of manufaaupeoducts, this study is divided in five
chapters, outlined as follows:

The first chapter is consecrated to a backgrouatemsient explaining the conditions under
which a fire can occur and the related parameteas may be used to describe the fire
behaviour of materials. The focus is subsequentlyhe thermal decomposition of polymers
and also flame retardancy mechanisms and compoBussequently, a state of the art
screening of current analytical techniques to exanthe fire behaviour of materials is

presented.

The second chapter is dedicated to the design a@weint of the coupled Mass Loss Cone,
Fourier Transform Infrared Spectroscopy and Elealri Low Pressure Impactor
(MLC/FTIR/ELPI) as a simultaneous experimental ltetest. The choice of MLC, FTIR and
ELPI as analysis techniques, in accordance witlobjectives of this project will be detailed

and discussed.

The third chapter deals with validation of the MECIR/ELPI coupling as an effective and
reliable experimental bench test. It consists efsigng the fire behaviour of ethylene vinyl

acetate both unfilled and filled with aluminiumhtydroxide.

The fourth chapter describes the impact of varfoesscenarios, more specifically, the effect
of external heat flux variations on flammability rameters evaluation, quantitative gas
analyses and the evaluation of smoke particlesohsequence, the fire related parameters of
ethylene vinyl acetate unfilled and filled with alinium trihydroxide are investigated under

different thermal aggression scenarios.

Finally, the fifth chapter reports on the applioatiof the MLC/FTIR/ELPI coupling to the
case of real halogen free flame retardant low geltalectrical cable intended for use in
EDF's NPPs.
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CHAPTER 1: BACKGROUND STATEMENT

Fire is generally defined as an uncontrolled costibn, meaning a self-sustaining and
exothermic process of oxidation of fuel along witle evolution of heat and light; or
smouldering combustion in its condensed pHaddis uncontrolled phenomenon involves
numerous and complex physical and chemical reatiorsolid, liquid and gas phase. It is
often associated with the release of smoke, whial contain irritant gases and or corrosive
species. The fire behaviour of materials is alsecgg to the thermal decomposition and the
chemical nature of the material. Its characterratiequires different equipment some of
which may be scale-dependent should the paramatershe materials studied require this
functionality. A short discussion on fire and relhfparameters, the thermal decomposition of
polymeric material and flame retardants, as welbmghe equipment used to investigate the
fire process of materials is necessary as a pmdini background to the final equipment

selection, the conducted analysis and an interjiwataf the experimental results.

The first section of this chapter outlines the basiinciples of fire as a process and the
elements that are essential to trigger its outbréhk following section introduces the related
parameters that enable characterization of firexphenon, namely flammability parameters,
gas species and also soot particles. In the tldotio, the focus is on general aspects of
thermal decomposition of both polymers and flanmardant systems. The last section, prior
to the conclusion, consists of a state of the @aening of the analytical techniques widely
used to investigate flammability parameters, ad asgeas and particle emissions, in order to
select the techniques most appropriate to the gerpbthis project.

1 Fire conditions and related parameters

Three elements are essential for a fire to ocal, in oxidizing agent and energy (heat). The
interaction between these elements is, in factispehsable in fire ignition and for

maintaining the fire, as summarized by the firartgle (Fig.1) first reported by EmmoHs.
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Heat transfer to fuel Heat transfer to air

Mixing of fuel and air

Figure 1. Fire triangle

The fuel can be any of a large number of matenaolid, liquid or gas state, which is not in

its highly oxidized state. Heat is the energy seurquired for fuel pyrolysis and it can be

provided by convection, conduction and/or radiatitom a source such as radiant panels,
flames, etc. The oxidizing agent, in most casegery(Q) is indispensable to sustaining the

combustion process. Many physical and chemical npaters can therefore be used to
describe how a material behaves in a fire situat®ome of these are introduced and
discussed below.

1.1 Flammability parameters

Some of the physical parameters used to descrilbveahmaterial behaves in a fire situation
are the heat release rate (HRR), which is diredlgted to the power of fire; the time of
ignition (tg), i.e. when the sample starts burning with a sosthflame; the Mass Loss Rate
(MLR) describing phenomenon taking place in thedsmsed phase; the total heat release
(THR); the critical heat flux (CHF) and the effesiheat of combustion (EHC). Concurrently
with the physical parameters mentioned above, ¢@me also generate smoke, which is
considered as a non-thermal fire parameter. Thigkentonsists of a mixture of gases in
which small solid particles of soot are dispersaoisorbing and scattering light and thus
reducing visibility’® The next sections introduce these non-thermal rétated parameters
(gases and particles).
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1.2 Gases in fire smoke

Numerous irritant, asphyxiating and/or corrosiveagacan be found in fire smoke. Carbon
dioxide (CQ) and carbon monoxide (CO) are always found infiteesmoke produced by
combustion of any organic compound. Furthermorpgedding on the ventilation conditions
and the chemical composition of the material undiexgythermal decomposition, other gases
can also be found. A list (non-exhaustive) of th@mgases associated to the combustion of
polymeric materials and the potential risks reldatethese are summarized in Tablel.

Table 1. Gases potentially found in fire smoke pridcipal risks™**¢*’

Tvpe of gas Example of sources Principal risks to human beings
yp 9 P and/or materials
1 Carbon dioxide (C§) All combustion Asphyxia at high concentration
2 Carbon monoxide (CO) All combustion Asphyxia
3 Hydrochloric acid (HCI) Chlorine contents (PVC, ymdters, etc.)
4 Hydrobromic acid (HBr) Bromide contents (Br flamearded) Asphvxia. burms. corrosion
5 Hydrogen cyanide (HCN) Nitrogen contents (polyasichylon) phyxia, ’ ’
6 Hydrofluoric acid (HF) Fluorine contents (PTFE/BF)
7 Acetic acid (CHCOOH) Ethylene vinyl acetate copolymers May causzfeim:tgce to the skin
. . May cause drowsiness and
8 Acetone (CHCOCH;) Epoxy resin composites dizziness
9 Nitrogen monoxide (NO) Polvacrvlonitriles and polvamides Poisonous, corrosive, oxidizer
10 Nitrogen dioxide (N§ yacry POty (accelerate the combustion)
1 Ammonia (NH) Polyurethane, nylon Irritant, corrosg[i to the skin, eyas
. ' Burns, irritation to the eyes, skin
12 Sulfur dioxide (S§ Sulfur contents (polymers, polysulfides and respiratory tract
13 Methane (Ch),
14 Ethane (gHe) May cause an oxygen deficient
15 Propane (§Hs) . environmental high
16 Ethylene (GH,) Hydrocarbon materials concentrations
17 Ethyne (GH,)
18 Water (HO) All combustion May reducg_vmlblllty at a short
istance

© 2014 Tous droits réservés.

1.3 Particles in fire smoke

Soot particles result from incomplete combustiorirom the pyrolysis of hydrocarbon fuels.
They are released into the atmosphere by a nunfb&ynobustion processes, such as those
occurring in wood burning, diesel engines, poweantd, air craft emissions and with
plastics’®*%?%n the case of a flaming process, particles arelymed in the more reactive
flame zone (appearance of a bright yellow plume) tren dispersed in the smoke layer.
Suspended in the atmosphere, these soot partiddshawn to be harmful to human health,
responsible for climate change effettand also for the malfunctioning of electric or
electronic device§®hence, the interest of investigating particles aiord in the smoke of a

materials fire.
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The mechanism by which particles are formed israptex multi-stage process. One of the
difficulties with the explanation of particles geagon is the transition from a hydrocarbon
molecular system with a hydrogen-carbon ratio #2Q0nto systems havingi6arbon atoms
with a ratio H/G0.1.?> Nonetheless, the formation mechanism of particesurrently
summarized by the following steps: nucleation, chaiipn, surface growth, aggregation and
oxidation?:?3-#*:#At the nucleation stage (Fig 2), condensed materiaim from the
pyrolysis or oxidation of fuel molecules such agtglene(C;H,) and polycyclic aromatic
hydrocarbons (PAHSs), which are the key intermedta@pounds in soot particle formation.
This nucleation leads to very small particles chieclei with diameters of up to 2 nm. Once
nuclei are formed, the quantity of soot particeslétermined by the competing processes of
surface growth and destruction through oxidatiohe Burface growth corresponds to the
magnification of nuclei by heterogeneous reactitmeugh interactions with the gaseous
phase. During the surface growth phenomenon, thabeu of particles remains constant but
their diameters and volume fractions increase timilparticles attain a substantially spherical
shape, designated as spherule, with a diameteetafelen 10 to 30 nm. The oxidation is
caused by the presence of oxygemn)(@nd hydroxyl radicals (O#); O, induces internal
oxidation resulting in fracture and break-up oftjgées, whereas OHoxidation diffuses over
the surface of particles tending to break down #ggregates and reduce their mass.
Collisions between small particles of about 10 ran promote coalescence (two particles
merge to form one). Particles above 10 nm agglo®era. they come into contact and bond
without merging. The process of soot particle faroradiscussed above is summarized in
Fig. 2.

PCAH
- 1 ‘—Z_nl"rll

Mass/size [~

growth
T g izsanpasy
24 :
3 MNucleation i
with by arometic
PAH and alighalic
Chemistry :
. d-4nm |
ik L 1i—-2 nm, |
Gas-Phase jaL
Chemlstr? molecular wedght, tinme

Figure 2. Schematic diagram of the formation oftquasticles’
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2 Thermal decomposition of polymers

Due to their chemical and mechanical propertiesyrperic materials are incorporated in
many manufactured products used in everyday lifeluding furniture, building materials,
transports, textiles, etc. However, they are higinmable as they are mainly composed of
carbon and hydrogen atorffsThermal decomposition is the main aspect goverttiegfire
behaviour of polymers and it is therefore discugsetthis section with specific emphasis on

the ethylene vinyl acetate copolymer. A surveylafie retardant systems is also presented.

2.1 General aspects of the thermal decomposition pblymers

The thermal decomposition of polymers is charaogeriby physical and chemical changes
that occur as a result of overheatfig/Vhen a polymer is exposed to a heat source, its
temperature increases by heat transfer from thé&arto the bulk. During this step,
thermoplastic polymers soften. This is not the dasdnard and rigid thermoset polymers. In
both cases, at a critical temperature, the cherbimatls of the polymeric chains break (chain
scission), producing volatile species of low molacuweight. Some of these volatile
compounds mix with the oxygen in air by their ddilon into the layer close to the polymer
surface .This creates free radicals capable otimgnspontaneously (self-ignition) or in the
presence of an external spark (piloted ignitiorf)e Tombustion of these gases that results
from the formation of hydrogen radical (He) and Qddelicals increases the production of new
combustible gases which sustain the fire processchematically shown in Fig. 3. Certain
steps, such as charring and thermal oxidation enctndensed phase (smouldering), do not
always take place, these being dependent on thgmpol concerned and thermal

decomposition conditions (ventilation, heat flutG.e
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Figure 3. Schematic of polymer thermal decompasiind combustion
The thermal decomposition case of ethylene vingtate, which will be used as a reference
polymer in this study, is developed below.

2.2 Case of ethylene vinyl acetate copolymers (EVA)

2.2.1 Polymerization and properties

Ethylene-vinyl acetate is produced from the copdgization of ethylene and vinyl acetate
monomers as shown in Fig. 4. It represents thesarghare of the ethylene copolymer market
and more than 150 grades are available, with agtjics in the automotive industry and

electrical cables insulation and coatffg.

CH=CH, + CH =CH,

-CH,CH,CH-CH
|

O O
- c-o0
(I“.’H3 (I?Hs
Ethylene Vinylacetate Ethylene-Vinylacetate copolymer

Figure 4. Schematic of the polymerization of ethgteinyl acetate
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Polymerization of ethylene-vinyl acetate can beriedr out for every ratio of the co-
monomers and the behaviour of the resulting copetyrm determined by its vinyl acetate
content®® If vinyl acetate (VA) is added in proportions g to 33 wt.% or above 80 wt.%,
the copolymers are thermoplastic; at ratios betwé&@rand 80 wt.% of VA, the material

denoted EVM (Fig. 5) exhibits an elastomeric bebai

PE PVA

Elastomers Thermoplastic

1
i
EVM 3
|

I | | | I | | I | | |
0 10 20 30 40 50 60 70 80 90 %100

Vinylacetate content

Figure 5. Schematic of ethylene vinyl acetate agicgy to vinyl acetate content

This copolymer has attracted the attention of mactufers because it can incorporate high
filler loading levels while retaining good mechaaliproperties? Its thermal decomposition
process is also well known and reported below.

2.2.2 Thermal decomposition of EVA

The thermal decomposition of ethylene-vinyl acetatder air, assessed in small scale tests
like TGA/FTIR or STA/FTIR, has been widely reported literature as being a two-step
process3233:34353637.3%he first step occurring at temperatures betweeh &% 350 °C
corresponds to the decomposition of the vinyl aeetmoup generating the release of acetic
acid (CHCOOH) and the formation of an unsaturated linedygree structure. The higher the
vinyl acetate content, the greater is the reledsacetic acid. It is also reported that a
secondary reaction occurs (between 250 and 350lé&jing to the release of CO, ¢génd
CH,4. The second decomposition step, occurring at ar@®80 to 450°C, involves random
chain scission of the linear polyene with the regeaf CQ, CO, HO and saturated and/or
unsaturated hydrocarbons such as methane, ethyletsgliend" **and indene, eicosane and
dodecané® The nature of the hydrocarbons released from thledecomposition can be
influenced by experimental conditions. In an oxiatenvironment and depending on VA
content, the polymer surface can rapidly cross leakding to the formation of a carbonaceous
layer, also known as char. In addition, as they ragnly composed of a hydrocarbon

structure, ethylene-vinyl acetate copolymers aghlli flammable, with a relatively high
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exothermic effect. Fig. 6 shows the influence ofyViacetate content on the heat of
combustion of EVA, which varies from 25 to 45 MJ/Rg

40 -

35 4

Heat of combustion (MJfka)

25 1

i 20 40 &0 &0 100
VAC {w%)

Figure 6. Heat of combustion of ethylene-vinyl ateficcording to vinyl acetate contéft

As a result, when ethylene-vinyl acetate copolymarsother polymers are used in the
manufacture of elaborated products such as witdahen or electrical cables coatings, they
must be flame retarded to meet legal requirementhe case of fire (reduced ignitability,
reduced flame spread, reduction of hazardous spettee smoke, etc.).

There are many means of imparting flame retardat@wypolymers, including graft
polymerization of flame retarding monomers, incogtion of an additives combination in the
host polymer or surface treatmefitd.he recognized flame retardant approaches areenv

below with special emphasis on ethylene-vinyl aeetad electric cable coating.

3 Flame retardants and their modes of action

Flame retardants (FRs) act to inhibit and/or stog ¢ombustion reactions of polymers. A
distinction is made between reactive FRs and addiiR$™: reactive FRs are chemically
grafted onto polymeric chains during the polymentbgsis, whereas additive FRs are
incorporated into the polymer as filler. Dependong their nature, the elements in FRs can
react chemically and/or physically with fire in theolid, liquid or gas phaséSAlthough the
use of reactive FRs is not excluded, additive Fsfgear to be more convenient and currently
represent the best compromise between processawcdgterformance. FRs are traditionally
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divided into 4 classes: halogenated, metal hydessigphosphorus and nitrogen-based FRs.
Their modes of action, in both the condensed aaedj#s phase, are discussed in the following

sections.

3.1 Halogenated flame retardants

Halogenated compounds have historically been usdidme retardants and have proved very
efficient at moderate concentrati8h.in the class of halogenated FRs, brominated and
chlorinated derivatives are used in preferenceurihe and iodine compounds, because the
former is too thermally stable and the latter thermally unstable to provide good flame

retardancy actiof?’

To interrupt or reduce fire combustion, halogend®&s interact chemically in their gaseous
phase with radicals formed in the fire process.séhmnsist of Ml and OH radicals, with H

the active agent in free-radical cross-linking tesrs and OH causing the oxidation
reactions, both of which known to be highly exothierreactions. The inhibition mechanism
of halogen in gaseous phase is described in Figh&:active M and OH radicals are
replaced by less active halogens atoms).(Xhis prevents the exothermic chain reactions
from occurring, resulting in a cooling down andeciéase of mass fluxes in the polymeric

material undergoing thermal decompositforf®

Decomposition reactions:
R-X — Re + X
P-H + Xe — H-X + Pe

With R-X the halogenated flame retardant and P-éHpiblymer

Flame retardation mechar
H-X + He — H, + Xe
H-X + OHe — H,0 + Xe

Figure 7. Mechanism of action of halogenated flaetardants in gaseous phase

The radical trap mechanism described above ishebhly mode of action of halogenated
flame retardants. It has been demonstrated thagbaated FRs also have a physical effect on
the combustion process: by virtue of their heatacdap and endothermic bond dissociation
properties they can act as a heat $fiKk’ Furthermore, to attain high levels of flame
retardancy and enhance the features of the finigiteduct, halogenated FRs are often

combined with synergists. One of the most effeciyeergists is antimony trioxide ($y).
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Although not a flame retardant per se, it enharnicesfficiency of halogenated additives via
the formation of volatile antimony halides that Bavgher flame inhibition properties than
those of hydrogen halidé8.zinc borates? zinc sulphide? zinc stagnatédand N-alkoxy
hindered amine¥ have been also reported as synergistic agents logérated FR
formulations. These promote dehydro-halogenaticultieag in an increase of cross-linking

reactions, the formation of char and reduced snpo&duction.

Concerning ethylene-vinyl acetate, the first attesrgt increasing its flame retardancy have
consisted in the use of halogenated FRs grafted tdm¢ copolymer chain. As far as
ascertained, the only references in scientificditere are those of Atwelf and Yang* In the
field of electric cable insulators and coatingg thost celebrated examples of flame retardant
compounds are polyvinyl chloride (PVC), which igrimsically fire retardant, and ethylene
propylene rubber (EPR), in which brominated adddiare likely to also be present, both of

which are used in electric cable jacketing.

Despite their considerable efficacy, halogenated RRy have negative consequences for
health and the environment>®and their use is contested on these grounds by theth
European community and Greenpeace. In particuldrara on the use of polybrominated
diphenylethers has been in place since 2006, utitderEuropean Risk of Hazardous
Substance directive. Furthermore, the degradatroduets of halogenated compounds are
also known to produce corrosive, toxic and obsgusmoke®’ This is the reason for the
increasing focus in research and development amlzpgenated additives (or halogen-free)
FRs and their commercial application. This focualg& prompted by the growing demand,
led by the industrial sector, for an alternativaldimg to circumvent the problems that arise
with halogenated FRs. One such alternative is ieeofi metal hydroxides FRs.

3.2 Metal hydroxides

Over the past two decades, extensive use has bada of metal hydroxides as a viable
alternative to halogenated FRs, this being dueh#&r tiow cost and high level of flame
retardancy. The three main types of metal hydraxré@orted in the literature are: aluminium
trinydroxide (ATH), magnesium dihydroxide (MDH) gniss frequently, hydromagnesite
(Mgs(CO3)4(OH),.4H,0.22°%%%¢ is worth noting that a number of other altermasi have been
evaluated, however no record was found of theirarsa larger scale and it is assumed that

their commercialisation, if at all, remains subjectonfidentiality clause.
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The fire retardant action of metal hydroxides isdzhon endothermic release of water in the
gas phase and formation of an oxide residue inctrelensed phase. For example, ATH
decomposes endothermically at relatively low terapges (180 - 220 °C) releasing non-

combustible water as shown in equation 1.

2AI(OH); — Al,03 + 3H,0 (1)

The endothermic water elimination (dehydration asded with a high energy density of
1050 J/g) slows down polymer decomposition, hel@sntain the polymer below ignition
temperature and dilutes the concentration of flablengases. The aluminium oxide (8k)
formed in the condensed phase acts as a physiotcive layef! In a similar manner,
MDH decomposes endothermically but at higher teatpee (300 — 350 °C) associated with
a higher dehydration energy density (1300 J/g) ttiet of ATH. Its decomposition also
generates an oxide residue (MgO) as shown in eqquati

Mg(OH), — MgO +H,0 (2)

ATH is today the best-selling of the metal hydreeddand the most used FR in ethylene-vinyl
acetate copolymers. It is very popular in a widage of applications, including as an
alternative electric cable coatings to that of belmated flame retardants. The main reasons
for its commercial success are its low cost, pre@slity, efficiency and its reputations for
being “environmentally friendly”. Nevertheless, ATiras its disadvantages, principally the
need for high loadings (up to 60 wt. %) in orderptss the FR-standards tests. Such high
loading levels have a negative impact on the mechhproperties of materiafs.In the
manufacture of electric cables covering, the vidgad the formulations is increasing in line
with the increased amounts of ATH being used. lthaped, however, that synergistic
compounds, such as zinc borates, metal nitrateécorsbased (silicones, silicas,
organosilanes, silsesquioxanes, Montmorillonit&ybon nanotubes (CNT), will enable to
decrease the amount of ATH required to achieve fiighperformancé® % > ®9n addition

to synergistic effects, the physical charactersst€ inorganic hydroxides, notably particle
size, particle size distribution and particle shape also important to achieving the highest
levels of performance. Combinations of red phospddB to 5 wt.%) with ATH or MDH
enable obtaining good fire performance at loadivfgabout 30 - 40 %’
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3.3 Phosphorus compounds

The use of phosphorous-based compounds as FRdymgys is currently increasing as the
latter represent available alternative to halogethatompounds and metal hydroxides.
Phosphorus-based additives can be classified daogotal their phosphorus oxidation states.
Red phosphorus (elementary phosphorus), phospaatepolyphosphates, phosphonates and
phosphinates (Fig. 8) are widely used FR additives.

i i i
R 1—O—F|>—0—R ) R 1—|T’—O—R 5 R 1—F|'—Hﬂ
0 0 i
R, R, Ry
Phosphate Phosphonate Phosphinate

Figure 8.Chemical structures of widely used phosph® FR additives

Phosphorous-based flame retardant additives cdmo#tttin the condensed and gas phases. In
the condensed phase they promote polymer chaming, protective carbonaceous mantle,
thereby reducing heat and mass transfer whichrim inhibits fire development. In gaseous

phase, their mode of action is similar to that@blgenated compoun6s.

In the case of ethylene-vinyl acetate copolymdrere has been reported use of ammonium
polyphosphate (APP) as a FR. Unfortunately; APP BMA exhibit low compatibility,
meaning they cannot be used for industrial apptinaf® In general, quite small amounts
(<10%) of phosphorus additives are required tocéiffely inhibit ignition and reduce smoke
production’® However, some additives can be water-sensitivechviniay lead to eventual
ageing problems. Phosphorous-based compounds watltherefore be used as principal
FRs in cable material formulations but could be sidered as synergistic agents in

combination with other FR additives.

3.4 Nitrogen based compounds

Nitrogen flame retardants are melamine based congsmuNumerous melamine-based
additives, such as pure melamine, organic or inmocganelamine salts (melamine cyanurate,
melamine phosphates) and also melamine degradatamucts (Fig. 9) melam, melon and

melem, are used in thermoplastics and elastomers.
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Figure 9. Thermal decomposition of melamine andtesl products

Their flame retardant modes of action vary accaydmthe type of additive. Pure melamine
combines gas phase and condensed phase action @degitadation implies two processes:
endothermic sublimation and both condensation aedmposition in the condensed phase to
form melam, melem and finally melon, all of whicheathermally stable compounds.
Melamine salts mainly exhibit a condensed phaserackome oxynitride-type structures are
formed at temperatures higher than 600 °C and itifethermal stability of these compounds

explains the melamine retention in the condensededf

The influence of melamine on the fire retardancyEMA with 26 wt.% VA content was

investigated by Zilbermanfi.Incorporating melamine in the EVA copolymer ledatarastic

increase in the HRR peak under cone calorimetércawditions, suggesting that melamine
actually diminishes the flame retardant properoésieat EVA. This result is contradicted
however by the gas analysis results which indicate,the contrary that the addition of
melamine to EVA does impart flame retardant praoperto the polymeric matrix. Regarding
insulator or cable formulation, no reports of nijiea additive FRs were discovered in our

review of the literature.

To summarize, the principal strategies for enhanpdiVA flame retardancy, as reviewed
above, involve the use of FR additives includingpbanated compounds, metal hydroxides,
phosphorous compounds, melamine and its derivatwiesh act respectively in the gaseous
and/or the condensed phase. One of the most wigsdgd FRs for improving EVA fire
retardancy is ATH.
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The next section describes the techniques curremmplemented in comparative
investigations of the thermal decomposition behaviof materials and notably of flame

retarded polymeric materials.

4 Experimental techniques

The study and/or comparative study of the therneabdhposition and stability of materials is
an important element in the research and developroérformulations for new high
performance materials and also in safety assessnoénmhanufactured products for use in
private or public facilities. It is essential thiene that the experimental techniques employed
are capable of producing accurate, complete anlistieaesults. There are numerous tests
that yield information about the behaviour of mitisrduring thermal decomposition, each of
which focuses on particular parameters and thedaabmposition conditions according to
the scale of the study.

This section is dedicated to a review of the expental techniques used to evaluate the
flammability parameters, identify evolved gas sps@nd analyze soot particles present in the
smoke generated by the thermal decomposition obastion of materials. The purpose of
this review is to assess the relative merits o$¢hiechniques and ultimately to select those
most appropriate for the purpose of simultaneodkracterizing the physical parameters and

effluents (gases and soot particles) of matenabsfire.

4.1 Thermal analyses

Analysis of the thermal decomposition behaviourntdterials can be conducted on three

scales: (i) micro scale testing, (ii) bench orintediate scale tests and (iii) full scale tests.

Micro scale test analysis involves small samplesian the range of microgram (ug) to
milligram (mg), with minimized heat transfer in tsample, such that the temperature in the
sample is considered to be homogeneous (therntahynmaterial). This experimental scale
has the advantage of strict control of both theiihgaemperature and the ambient working
atmosphere so that experiments can be performesl oxdlative or inert ambient conditions.
One of the micro scale testing techniques whosasuagdely reported in the literature is the
Thermo Gravimetric Analysis (TGA) technique. WitBA, the sample is heated according to
a defined temperature ramp or isothermal temperailine weight change of the sample is
monitored versus time or temperature. TGA enabkterthining the thermal stability of

material$* and there are reports in the literature of its insthe investigation of the thermal
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decomposition of a small amount (mg) of neat EVAd af an EVA blend with FRs
additives”"°However, the TGA sample holder cannot be used fioertire portion of an
electric cable and the tested sample is often etiuc powder form to avoid the “shape
factor” effect.

In addition to TGA, the Differential Scanning Caioetry (DSC) and the Differential
Thermal Analysis (DTA) techniques allow determinatiof the glass transition temperature
of materials. With DTA, the sample and an inererefhce, usually an empty crucible, are
continuously heated and the temperature differémcecorded as a function of the evolution
of heating temperature. When endothermic or exotleephenomena occur, the temperature
of the sample pan becomes respectively lower ondmighan that of the empty crucible.
Regarding DSC, both sample and reference are haatedonstant rate and the difference in
energy required to maintain identical temperatisegcorded. Similarly to DTA, changes in
the recorded parameter can indicate glass transiiadothermic or exothermic processes of
the thermal decomposition of tested matefiildse of the DSC and DTA techniques in
investigations of the thermal decomposition phaséspolymeric materials such as
polyethylene or ethylene vinyl-acetate copolymer @so widely reported in literatuf&’8A
combination of DTA or of DSC with TGA gives the Silftaneous Thermal Analysis (STA)
technique.

Another example of this type of technique is theoBsis Combustion Flow Calorimeter
(PCFC) developed by Lyon and Waltétsaind standardized as test ASTM D 730Fhe
PCFC measures the rate at which the heat of coohudtfuel gases is released by a sample
during controlled pyrolysis in an inert gas stredine fuel gases are mixed with an excess of
oxygen and combusted in a separate chamber wheliedtantaneous heat of combustion of
the flowing gas stream is measured by oxygen copsamcalorimetry® This technique has
already been used to investigate the flammabitiameters of electric cable coverifi§8*®
(insulators and jacketing), however each part efdhble was studied separately due to the
PCFC sample holder limitation, which is only a fpg.

To summarize, despite the strict control of heatamgperature and working atmosphere, the
sample size limitation of micro scale techniquesnsethey are not suitable for the purpose of

this project, which is to investigate entire electable.

Bench or intermediate bench tests allow the amalysmaterials in sample quantities ranging
from grams (g) to kilograms (kg). These may thenefoe appropriate for investigating the
fire behaviour of an entire section of electric lealor other finished product. The

experimental approach at this scale often involmessurement of heat release rate and/or
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flame spread of material subjected to a constaat $eurce. Among the techniques widely
used the this scale, it is worth mentioning thessila example of the Cone Calorimeter
referenced in 1ISO 56602 or its derivative Mass Loss Cone referenced in 8927 %
This equipment enables the study of the fire reactif materials using a sample size in the
range 100 x 100 mm and up to 50 mm thick undematent heat flux of 10 to 100 kW/n%2:

8 These calorimeters are widely used in research dewklopment for evaluating the
flammability parameters, such as time to ignitiond athe heat release rate, of high
performance fire-resistant polymeric materf&ls®’ Nonetheless, a drawback of cone
calorimetry testing worth noting is its failure tikke account of the dripping effect and flame
spread.

Other intermediate scale tests, of the type sibglaing item (SBI), Steiner tunnel and those
reported in standard IEC/EN 60332, are more suiteelvaluating parameters such as flame
spread and HRR. For instance, SBI is one of thetéstg employed, according to EN 13823,
in the Euroclass system for linings and most comtibn material$? It investigates the fire
response of a product in a corner configuratiog.(ED) using two test samples of 0.5 x 1.5
m2 and 1.0 x 1.5 m? placed in the same configunatinod exposed to a 30 kW gas flame
ignition. Measurements of fire growth, HRR, lighbsguration and smoke production rate
(SPR) are the principal results obtained with SBI.

Secondary bumer

Spac_i (Héﬁu 1
| =
e

Test bumer )
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Test Enclosure Specimen support trolle

Figure 10. Single Burning Item test set-up

The Steiner tunnel is also widely used to tessfied building products for their potential to
sustain or propagate fire and their role in smokedpction. Developed by Al Steiner of
Underwriters Laboratories, the Steiner tunnel tes$ been incorporated into the North
American Standards for Materials Testing as ASTM®8rhe tunnel section is 7.3 meters
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long, 0.56 meters wide and 0.305 meters high (Ely. The apparatus is equipped with two
gas burners providing a flame intensity of 89 kWhwair and combustion products being
propagated through the tunnel by a ventilationesysat a controlled velocity of 73 metres per
minute.

Figure 11. The Steiner tunnel test

The progress of the front of the flame across #& tmaterial is measured by visual
observation and the smoke emitted estimated ugntigab density criteria. A flame spread
index and a smoke-developed index are then cadmlffair the product from these results.
However, the Steiner tunnel test does not measwregnitability of the materials, the heat
release rate or dripping. In addition to the SBH a®teiner tunnel, standard methods
referenced according to IEC/EN 603%8are also noted. These are based on a flame spread
assessment for a 3.5 m length of vertically bunchids or cables. Basically, a calibrated
flame is applied to the sample using a 45 ° tibedner (Fig. 12) and the damaged length
measured at the end of the test. Based on thisureraent, the cable or wire is declared to
either pass or fail the prescribed standards.

Figure 12. IEC/EN 60332 -1-3 flame test of resis&ato vertical flame distribution
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IEC/EN 60332 methods are not limited to a meastitbephysical damage to the length of
wire or electric cable; parameters such as HeatdRel Rate (HRR) and Smoke Production
Rate (SPR) are also tested. IEC/EN 60332 standmtd have already been used in cable

testing® 92

Although the equipment mentioned above is suitetthéocharacterization of the flammability

parameters of materials under controlled conditidepending on the finished product, these
investigations may not be sufficient to describarthehaviour in a realistic fire scenario. For
this reason, it is also necessary to perform ftél tests on the finished materials but the latter

are both time consuming and very expensive.

The aim of this project is to develop a bench tesabling simultaneous analysis of
flammability parameters, gas evolution and smokéghas of finished materials during a fire
event. As a result of this review, particular atitemis now focused on a cone calorimeter as a
fire model, more specifically a mass loss conethaslatter allows investigating samples in
the size range of 100 x 100 x 50 rhamd is therefore suitable to test an entire seatid
electric cable. The secondary considerations wprdmpted the choice of a mass loss cone

calorimeter as the fire model will be discussedhapter 2.

In addition to the evaluation of flammability parat@rs, an exhaustive investigation of the
fire behaviour of materials must necessarily ineluahalysis of the evolved gases and
particles in the smoke. The analytical techniquasally employed in particles and gas phase

investigations are presented in the following secti

4.2 Gas phase analysis

Due to the large number of chemical species patiintieleased in the smoke and to the
dynamics of fire itself, analysis of evolved gasethe smoke generated by a materials fire is
a complex process. Nonetheless, with appropriatepliag and chemical analysis
instruments, investigation of the gas phase dutiegmal decomposition of materials should
be possiblé® A review of analysis techniques commonly usedidentification of chemical

species in the gas phase is presented hereatfter.

One of the techniques widely reported in relationnvestigations of gas emissions in the
smoke produced by thermal decomposition of matesalFourier Transform Infrared
Spectroscopy (FTIR). This technique is based onntegaction of matter and IR radiation. It

enables not only qualitative but also quantitatiueal time” analysis of many chemical
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species (organic and inorganic). FTIR has alreaggnbused in combination with TGA or
STA in the qualitative analysis of gases evolvernfrthe thermal decomposition of unfilled
EVA and of EVA filled with additive FR&" *°

Apart from the FTIR technique, another gas analyschnique is Gas Chromatography
Coupled to the Mass Spectrometry (GC/MS), combirong technique for separating the
vaporized compounds (GC) and another for elucidative structure of these molecules by
measuring their mass to charge ratio (MS)he GC/MS combination enables investigation
of complex mixtures in trace amounts. GC/MS is ently equipped with a pyrolyzer,
forming an analytical system known as Pyrolysis/@dsomatography/Mass spectroscopy
(Py-GC/MS) (Fig. 13). The latter has been usedalymer research for various purposes,
including structure identification, qualitative danination, thermal degradation kinetics and

additives analysi&> %
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Figure 13. Schematic representation of PyrolysisGaromatography/Mass spectroscopy

However, a notable drawback of GC/MS is that itrzdnfollow the gas species released
during the thermal decomposition process in reakfibecause the detection of volatiles
compounds by MS detector only occurs as the seghrsubstances start leaving the GC
column. Apart from FTIR and GC/MS, several othezafic gas analysis techniques are also
described in literatur& for example, the Electron Paramagnetic ResondtReR) suiting the

analysis of paramagnetic molecules such aNOQ and NQ.

In view of the GC/MS cannot be used to study ewblgases in real time, FTIR appears the

most appropriate technique for monitoring, in riéde, the gas phase of the smoke emitted
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during cone calorimetry. Knowledge of soot parsctispersed in smoke is also of interest in
this project and therefore techniques specificadiglicated to the analysis of particles released
out of the flame are presented in the next section.

4.3 Particle analysis

Analysis of the particles released as a resulhefmhal decomposition or the fire processes of
materials often consists of determining their simdribution, number or mass concentration
and their structure and/or morphology. Regardirggahalysis of particles in a fire event, one
of two reported approaches can be taken: (i) arsikir» approach involving the direct study

of particles inside the flame and (ii) an «ex siypproach in which the particles suspended in

the smoke are analyzed. In this project, only #eoad approach is of interest.

Particle size analyzer equipment is generally basedhe principles of electric mobility
and/or aerodynamic diameter of particles. Among ¢b& situ» devices currently used to
analyze patrticles in the smoke or airborne, we mantion the Scanning Mobility Particle
Sizer (SMPS). SMPS is mainly made of an ionizateystem or charger, a Differential
Mobility Analyzer (DMA) or electrostatic classifieand particles counter or Condensation
Nucleus Counter (CNC, Fig. 14).

Electrostatic classifier column

Bipolar chargef°Kr

Sampler

Impactor

Figure 14. Schematic diagram of Scanning Mobiligytiele Sizer

The principle of SMPS consists of imposing a chamehe particles sample through the
ionization system, after which particles are cl@essi in the DMA according to their
electrostatic mobility and then counted in the CNChe use of SMPS has been reported in

the investigation of particles emitted during thertnal decomposition of wood pellets used
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for domestic heatiff and in the investigation of motor vehicle part&silemissior?’
However, it is important to note that SMPS hasdisadvantage of limiting determination of
particle-size distributions to within the sole rangf submicron or nanometric particles (<
1um) and does not take account of certain paramstesh as the mass concentration. The
empirical technique, using high efficiency filtereighing before and after the collection of
particles, is still used to evaluate the mass oitteth particles. This technique is used to
investigate the mass of motor vehicle particlesssians, however it does not allow for a real

time analysis of this parameter.

In this regard, the Tapered Element Oscillating mhalance (TEOM) (Fig. 15) is worth
mentioning. This instrument is based on a quasamaneous measurement of the mass of
particles collected on an exchangeable filter why&. The technique consists of monitoring
the corresponding frequency changes on a tapeeeteal: the more mass is accumulated on
the exchangeable filter, the more the tube's nkfeguency of oscillation decreases. There is
a direct relationship between the change in the'sufrequency and the corresponding mass
on the filter*®® The vibration frequency is converted to mass cotmations every 13 s. To
eliminate the effect of water associated with hggopic salts, temperatures at the sampler
inlet and at the TEOM filter are usually maintairsgdb0°C.
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Figure 15. Schematic diagram of the Tapered Eler@suillating Microbalance

Apart from the SMPS, filter weight and TEOM techueg described above, use of a cascade
Impactor as an ex situ particles analyzer is apored in the literature. With this technique,
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the mass of the particles is expressed in termbedf size distribution. The function of the
cascade impactor can be directly deduced from etsigd (Fig. 16), which consists of a
powered flow chamber containing a number of disagh disc within the flow chamber
representing a stage of the impactor. These stageassembled in order of decreasing size
allowing separation of particles according to tleze fractions: from large (20 pm) to small
(0.5 um). Inside the cascade impactor, particlesdnawn from stage to stage, each stage
providing progressively smaller jets: the lightée tparticle, the further it travels into the
impactor. Once the entire sample has passed thrtheghmpactor, the particle quantities
captured on each of the discs are individuallyemtéld allowing the user to then determine

the dispersion rate of particles emitted from ttsenal under study.

Ly

.1
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Figure 16. Schematic diagram of the cascade impagith photographed disc$*

-

As reported in literature, a cascade impactor wsedd ufor characterization of the smoke
particles released during a fire test of polymenstaining nanocomposite additives (materials
found in buildings), as part of an investigatiotoitheir toxicological impact®™ However, in

spite of its ability to provide particle-size dibuitions, the cascade impactor does not allow

for evaluation of concentration in number of pdetsc

On the other hand, a relatively new instrument,ettyed by Keskinen et &t?is being
increasingly used as an ex situ particles analistdinique. This is the Electrical Low
Pressure Impactor (ELPI) which combines a varietyfumctionalities including particle
charging, size classification according to aerodyicadiameter (da) and electrical detection.
This enables investigating, in real-time, not orilye size distribution but also the

concentration of particles in the size range oh6to 10 um. In addition, ELPI can be used

41

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Franck Estimé Ngohang, Lille 1, 2014

for sampling particles with the use of filters, foirther chemical or morphological analysis
with scanning electron microscopy, etc. In contrestSMPS, TEOM, and the cascade
impactor, all of which are limited to the measuf@oe or two parameters only, ELPI finally
assembles in the one instrument multifunctionabcép, especially for real time analysis of
the size distribution and concentration in numbef mass of particles over a wide size range.
ELPI appears to be the suitable instrument for shely of particles in fire smoke and
therefore to meet the requirements of this projiéchas already shown its capacity as a
particles analyzer in numerous applications ingigdairborne, automotive diesel and indoor
air, as well as for pharmaceutical proces$@sdowever, the literature review found no
published data to confirm its previous use in tineestigation of soot particles present in the
smoke generated by thermal decomposition of polgmer

5 Conclusion

This first chapter was dedicated to a discussiothefspecific problems addressed by this
project, namely fire and related parameters; potydeEomposition and flame retardancy, as
well as a state of the art on experimental techesdor the characterization of flammability,
evolved gases and soot particles. Fire preventioioa mitigation remains a current issue due
to the loss of life, property damage and econonuinsequences engendered by fire; in
particular the associated heat release and toxifoanorrosive gases and particles emissions
carried in (often travelling) smoke. Some fire-tethrisks, such as heat release rate, evolved
gases and particles, may vary in function of the ¢onditions and the chemical compaositions
of burning materials. A common risk mitigating messis the use of fire retardant materials
and/or additives. However, some halogenated congmumpreviously used as flame
retardants, are now banned in Europe. As a consequeesearch laboratories and industrial
manufacturers alike are now focusing their effasts zero-halogenated additives such as

aluminium trihydroxide, etc.

Numerous experimental techniques currently employedthe study of the thermal
decomposition characteristics of materials (TGAMBTA, MLC...), gas phase evolution
(FTIR, GC/M, FID...) and particles (SMPS, TEOM, HLP have been reviewed and
compared as to their efficacy and drawbacks. le Vimth the aim of this project, which is to
extend fire behaviour characterization of electtable materials under fire simulation

conditions to an entire section of cable, the fell@ have been selected as the most
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appropriate techniques: a Mass loss cone fire méaelrier transform infrared spectroscopy
gas analysis technique and Electrical low pressopactor for particles analysis.

Each of these techniques is presented and discus#ae next chapter. The design concept of
coupling the Mass Loss Cone/Fourier Transform hefila spectroscopy/Electrical Low

Pressure Impactor as a simultaneous experimemahkest will then be fully commented.
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CHAPTER 2: CONCEPTION OF COUPLING MASS LOSS CONE,
FOURIER TRANSFORM INFRARED SPECTROSCOPY AND
ELECTRICAL LOW PRESSURE IMPACTOR

Synthetic and man-made polymers are the prevailingterials of choice for
manufacturers of finished materials and end-uskke.arhe study of the fire behaviour of
these materials in terms of decomposition paramedsrwell as the analysis of their fire
effluents are an essential prerequisite for assgssheir potential health, safety and
environmental impacts. This chapter is dedicatethéodesign concept of an experimental
bench test allowing to simultaneously assess dmfhability parameters, (ii) evolved gases
(qualitatively and quantitatively) and (iii) sooanticles (size distribution and concentration)
present in smoke. This experimental bench test f@dus on the fire characterization of
specific materials such as electric cables, whrehd#ficult to fully examine with small scale
tests like TGA/FTIR or Py-GC/MS. The instrumenttested for the purpose of this work are
the Mass Loss Cone (MLC) as fire model, Fouriem$farm Infrared Spectroscopy (FTIR)

as gas analysis technique and Electrical Low Predspactor (ELPI) for particles analysis.

The first section of this chapter contains a dethipresentation of the equipment (MLC,
FTIR, ELPI) used. In the second section, the desatept of coupling MLC/FTIR/ELPI as
a simultaneous bench to investigate the evolvingegaand particles during MLC test is
explained. This is extended to include a desampbf the setup of FTIR gas acquisition
parameters and the development of the gas quardiaatalysis method. This is followed by a

similar report on the ELPI setup for studying paets released out of the flame.

1 Experimental equipment
1.1 Mass loss cone

Mass loss cone is widely recognized as a fire mddelthe evaluation of calorimetric
parameters. Similarly to the standard cone caldeme mass loss cone consists of a conical
heater that generates controlled heat fluxes frObm 100 kW/m?2 to simulate fire dynamics.
The mass loss cone is equipped with a thermopilelwik constituted of four thermocouples
located at the top of a chimney, directly connedttetthe conical heater. This chimney collects
all the smoke released during the fire test andttieemopile, previously calibrated with

methane, evaluates HRR. Here, the temperature ehahthe air mass flow is measured
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using the sensible enthalpy rise apprd&th®™rather than the oxygen consumption method of
standard cone calorimet&The simplicity of use of MLC, its collection of sk® in the
chimney and the acceptable sample size range (aprtaximum 100 x 100 x 50 nijrhave
confirmed the choice of this instrument as the nswstable fire model for this project. A
schematic representation of the MLC manufacture#ilg/ Testing Technology (FTT), which

is used in this study, is provided in Fig. 17.

[~ Thermocouples

Chimney

Cone heating unit

U ——~ Spark igniter

Sample holder

Balance

Figure 17. Schematic presentation of mass loss cone

In addition to the heating unit and thermopile, MheC incorporates a mass balance to follow
sample mass evolution during a fire test, a sarplder and an intermittent spark igniter 13
mm above the sample to trigger piloted ignitiong(FL7). The parameters measured with
MLC are: heat release rate (HHR), time to ignit{dg), mass loss rate (MLR), as well as
derivative parameters such as the Total Heat rel€BdR), Critical Heat Flux (CHF) and
Effective Heat of Combustion (EHC) of materialsdétailed description of Mass Loss Cone
and the calibration of its thermopile are reportedSO 13927 Despite the simplicity of
measuring the flammability parameters of mateiialire conditions with MLC, a limitation

of this instrument is the lack of analysis of evsrl\gases and soot smoke particles.

Detailed knowledge of these fire phenomena (gaspanticles) is of vital interest not only
because of the potential risks they pose to heaiththe environment but also because of

growing concerns about their impact on the safétglectronic/digital systems and devices.
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For this reason, it is proposed to couple MLC withline gas and particles analysis

techniques, namely FTIR and ELPI, as an alternatiyeerimental bench test.

1.2 Infrared spectroscopy and Fourier Transform Infared Spectroscopy

Infrared (IR) spectroscopy is a well-known chemiealalysis technique whose operating
principal is based on the interaction of IR radiatwith matter: It is commonly known that
molecules can absorb infrared radiation, induciityrational and/or rotational transitions
within the chemical bonds as a normal consequehtteemmal (IR) activity*°® Three types of
IR analysis spectrometer have been developed: icdhsinfrared spectroscopy, Non
Dispersive Infrared Spectroscopy (NDIR) and Fourfeansform Infrared spectroscopy
(FTIR). The last mentioned is one of the most pdweand widely used techniques for
monitoring species in solid, liquid or gas phasatest®”''®®FTIR outclasses traditional
Infrared spectroscopy owing to its use of the Misbe Interferometer and application of the
Fourier transform mathematic operation, which eesldimultaneous analysis of numerous
components over a relatively short time span (feaords):”® The evident advantages of
FTIR as a multi component and real time analysibrijue motivated the decision to use this
technique to study the gas species present inrtherhoke of material under study. The basic
concepts of infrared spectroscopy are next briefljerated and a presentation of the iS10
FTIR spectrometer, which will be used in this studylows.

As mentioned above, infrared spectroscopy exphbiesfact that molecules can absorb IR
radiations at specific frequencies inducing vilmatand/or rotation of their chemicals bonds.
If the frequency of IR radiation matches the ndtuifaration frequency of molecular bonds,
the radiation is absorbed causing changes in thaitaiche of the molecule energy which
passes from its ground electronic state to an exatate. More precisely, the electric field of
the incident electromagnetic radiation interactthwiie dipole moment of chemical borids.
This means that only molecules possessing a dipolaent, or positive and negative charge
regions between their atoms, can interact with itRtland therefore be active in infrared
spectroscopy. Many chemicals species, whether @mrgannorganic, in solid, liquid or gas
state possess this FTIR basic requirement. Howéwaeno-nuclear diatomic molecules such
as oxygen (@ and nitrogen (B are transparent in IR owing to their lack of paed bonds.

In the same way, noble gases like helium (He) agdra(Ar) cannot absorb infrared radiation
and so do not have infrared activity. In additisimce each molecule is a unique combination

of atoms, two compounds will not have the sameanefi activity. In consequence, IR
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spectroscopy will be used as an explicit approacidentifying chemical species. However,
as with all chemical techniques based on the iotiera of matter with electromagnetic
radiation, an overlapping phenomenon that occutsdsn species having similar properties
(for example same functional group) may represehindation and should be taken into
account during exploitation and interpretation ofrared spectra. Further explanations

regarding the fundamental theory of infrared smsciopy can be found elsewhéf&!®®

For this project, a Thermo Nicolet iIS10 FTIR spewteter equipped with an Ever-glo TM
GLOBAR infrared source capable of producing IR aidn over a wide range (from 50 to
7400 cnt), an optical path length of 2 m, a 0.2 L volumes ge&ll and a nitrogen MCT
(Mercury Cadmium Telluride) detector will be applito the online analysis of the gas phase
in fire smoke. Note that an FTIR background spectrwhich gives information about the
energy of the IR source, the detector, the gascoetfiponents, mirrors, windows, etc. (Fig.
18), must be run prior to any analysis, in orderlitoit any influence by the work

environment; for instance, ambient water and caxborkide interacting widely with IR light.

L8

4.8..8. 8.8

B.¥, 8. 8

Single Beam

Figure 18. iS10 FTIR background spectrum from amtag@mospheric

Furthermore, FTIR spectrum is originally plotted tesnsmittance (Fig. 19) according to
Equation 3. However, to facilitate usage of IRcdefor quantitative analysis of species, the
transmittance spectrum is converted to absorbanaptical density (Fig. 20) according to

equation 4.
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©)

Where } is the intensity of incident beam, | the transedtintensity after passing through the

measuring cell and T the transmittance in percent

A=-logT

Where A is the absorbance
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Figure 20. FTIR spectrum in absorbance with methasmetandard gas
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Beside the requirement for characterization of gjascies present in fire smoke, particles
dispersed in the gas phase are also of intergébttstudy. The latter will be measured using
the Electrical low pressure impactor.

1.3 Electrical Low Pressure Impactor

The Electrical Low Pressure Impactor is a partiédealyzer that combines particle charge,
particle size (according to aerodynamic diametex] electrical signal’® For this reason,
ELPI is of major interest in the context of thi®jact to characterize soot particles present in
the smoke of the fire simulation. It can also bedu$or filter collection of particles, for
morphological or elementary analysis with analytteahniques. The Dekati ELP} used in
this project, principally composed of a sample tintharger, impactor and electrometers, is
shown at Fig. 21. Its operating principle and fextthat may have an influence on
measurements and the interpretation of ELPI datdwidiscussed hereatter.

Flush air
connector

Sample inlet
Charger HV
connector
Trap voltage

Charger connector
Electrometer
needles

Display
Impactor

Vacuum
connection for
impactor

Control buttons

USB-port for
data acquisition

Impactor release

Pressure adjustment valve
button

Figure 21. Electrical Low Pressure Impactor, hogsand connectors

Given that the analytical instruments selected ab@'IR, ELPI) are capable of gas phase

characterization, the interest of integrating ggsiipment with MLC fire model is evident.
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2 Combination of mass loss cone, Fourier transforminfrared
spectroscopy and electrical low pressure impactor

To realize the MLC/FTIR/ELPI coupling (Fig. 22), \Was necessary to incorporate some
modifications with respect to the mass loss coies& modifications were made in order to
extract smoke from the chimney for analysis with BETIR and ELPI instruments. A stainless
steel extension of 250 mm was first added to theCMhimney so that two smoke retrieval
probes could be installed just above the thermd@ie mm). It is assumed that the smoke
stream flow at this location can be considered hgagneous and laminar (Reynolds number
estimated to be less than 2000 considering thafltine in this case is mainly air in the
chimney). To monitor gas phase release during th€ kést, a sampling system between one
of the probes in the chimney and the FTIR gas wel next set up. It consists of a first
ceramic filter cylinder (10 pum) installed closetb@ probe, which is linked to a 6 m length of
polytetrafluoroethylene (PTFE) transport line, aich second filter (2 pm) connected to the
FTIR gas cell by a PTFE line of 1 m. This sectidthe gas sampling system (shown on the
right side of Fig. 22) as well as the FTIR gas @k equipped with a controlled heater
blanket and, for the FTIR cell, heater housingadidition, a pump system with an integrated
flow meter and valve to provide controlled and ¢anssample flow was placed on the bench
at the far side of the FTIR. A pressure gauge gmdpwith a regulator valve to maintain
constant pressure in the gas cell was also indtallee two filters are designed to protect the
FTIR gas cell, in particular the beam and the mjrimm smoke patrticles by filtering these
out of the sample before it enters the cell.

To enable simultaneous analysis of particles withELPI, a second sampling system (shown
on the left side of Fig. 22) is also set up. Thiagists in connecting the second retrieval probe
to a heated antistatic PTFE line to prevent staligctricity build up during transfer of the
particles sample from the chimney to the ELPI amaly A vacuum pump located at the far
side of the ELPI is set by the manufacturer to laguisokinetic flow to a rate of 10 L/min.
Similarly to the FTIR line, the antistatic PTFE dins equipped with a controlled heater
blanket to prevent humidity effects on particle sw@aments.

Finally, to enable quantitative determination of tlases evolved from the MLC fire test, an
FTIR gas calibration system was also developedwshat the top right side of Fig. 22, it
consists of multiple compressed gas cylinders givan concentration. These cylinders are

linked to a platinum (divider/diluter) gas mixing\dce comprising mass flow meters specific
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to each gas of interest. The latter are controliadan automated computer system to allow
delivery of a precise amount of mixed gases, withogen as the dilution gas, to obtain
calibration points. All of the details mentionecab are schematically illustrated in Fig. 22.
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Figure 22. Design layout of the mass loss cone, Fourier tramsfiafrared spectroscopy and electrical low pregsimpactor coupling

52



Thése de Franck Estimé Ngohang, Lille 1, 2014

2.1 FTIR gas analysis method

Investigation of gas species in the smoke fromMhe& fire test will be carried out in two
stages, the first of which consists in identifyitng nature of the gases generated during the
combustion process of the material. The secondieprises the quantitative analysis over
time of the evolving gases. Because fire is a dyagthenomenon, the FTIR spectrometer
must be set up (configuration of acquisition parms to follow the gas - phase chemistry
changes throughout the fire process. Spectral ugsnland number of scans are the main
FTIR internal parameters and these have to beubrefstablished owing to their effect on
the acquisition time and the form of the infrar@eéctrum®** Other parameters, including the
apodization function or experimental conditionstsas temperature and pressure in the FTIR
gas cell, must also be taken into account to erthatethe gas phase analysis yields accurate

and repeatable results.

2.1.1 Configuration of acquisition parameters

The IR light spectrum can be divided into threeiorg, near, mid and far-infrared. The
region of interest in this study is mid-infraredpma precisely from 4100 to 650 &mthis

being because the absorption spectra of most argawci inorganic compounds lie within this
region. Other acquisition parameters (spectral luéson, number of scan(s), etc.) are

configured as follows:

a) Spectral resolution

Spectral resolution (SR) is the ability to resotwe® neighbouring bands in a spectrum into
their separate components. Expressed in inversérsres (crit), spectral resolution has a
major impact on gas analysis results: the higher gpectral resolution (lower numerical
value), the more the significant becomes the spao@tween adjacent spectral featurésn
analyst will naturally select the SR accordinghe application involved and also depending
on the physical state of the sample. A sample mi#my chemical environments, for example
one that is in liquid or condensed state, will i@mély have wide bands and therefore require
low SR. On the other hand, samples with few chelneoaironments such as vapours and
gases will characteristically show narrow absorpti@nds. Consequently, a high SR shows
more spectral features than a low SR in the cagm®phase analysi§Fig. 23 contains the

plotted results of nitrogen monoxide (NO) and methdCH;) spectra acquired with the
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iS10FTIR spectrometer with SR set at 2 and thencéi3. As can be seen, the spectra

acquired at 0.5 cthshow more features (absorption bands) than thagairad at 2 cit. In

consequence, the higher spectral resolution (0:%) isrselected for gas phase analysis in the

context of the present study.
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Figure 23. Comparison of spectra acquired for £d NO illustrating separation of close
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b)  Number of scans

The number of scans (NS) determines the numbezqpfired paths for the movable mirror in
the interferometer. Increasing the NS increases digaal-to-noise ratio and thus the
sensitivity of the FTIR apparatus. On the otherdhanalso increases the total time required
to obtain FTIR spectr&’ The effect of NS on the signal: noise ratio of 840 FTIR
spectrometer during acquisition of nitrogen (inaetgas in IR) absorption spectrum, with
NS =1 and NS = 20 is shown at Fig. 24. It canrbydae seen that the spectral noise response
of the iS10 FTIR spectrometer, in the spectral esingm 4100 to 650 cth is higher for NS =

1 (0.004 A.U) than for NS = 20 (0.001 A.U), withlAbeing arbitrary units. For real time
monitoring of evolved gases, a number of scansléquane (NS = 1) is the preferable choice
to prevent information being lost because of thegéy acquisition time required for multiple
scanning.

However, with regard to the FTIR gas quantitativetimod, a number of scans equivalent to
one may affect calibration point accuracy (esp8ci@r lower concentrations) as the noise
ratio is relatively high. Thereupon, a number afrs@qual to twenty (NS = 20) has been
selected, as a compromise, to avoid high noise vatien acquiring the absorbance spectrum
of a standard gas with known concentration duriftRFgas cell calibration.
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0,022+
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0,0181
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0,0141
0,012;
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0,0087
0,006 ;
0,004
0,002 ’ | ’
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00144 for both tests

Wavenumbers (cm-1)

Figure 24. Noise ratio of iS10 FTIR spectrometethviiR-inactive nitrogen as a function of
NS, for NS =1 and NS=20
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c) Apodization function

Numerous steps are involved in the acquisitionrofrdrared spectrum, potentially inducing
instrumental imperfections or limits in the basigitization. These electronic or optical
imperfections may introduce erroneous featurese(sabes) from the interferogram to the
FTIR spectrunt!? An apodization function, applied on the interfe@yg prior to the Fourier
transform operation, is used to correct the ardficreation of spectral features. Several
apodization functions are available with the iISTORF spectrometer, among which are the
Triangular apodization, allowing to reduce sidedsltbut which may result in poorly resolved
peaks; the Boxcar apodization which allows maxim@solution but can result in ringing
effects, and the Happ-Genzel apodization, whigbréserred because it minimizes band side
lobes with minimal loss of resolution. The BoxcardaHapp-Genzel apodizations are the
more appropriate for gas phase anal}Sisiowever, as Boxcar can result in ringing effects,

the Happ-Genzel is the preferred choice for thigat

d) Temperature and pressure

The temperature and pressure parameters that arelineatly integrated in the internal
configuration of the iIS10 FTIR spectrometer. Howewkey must be taken into account in
order to obtain accurate and repeatable resultfadh) the energy level of the molecule is
governed by the Boltzmann distribution, which isnperature dependefit’ As a result,
variations in the temperature can in turn inducdatians in peak intensity and hence in
species concentration. For reproducible quantgatesults, it is therefore essential to work at
constant temperature: the same temperature fostdmelard gas and the fire smoke sample
within the gas analyzer system. Likewise, pressim@nges in the gas cell will result in a
broadening of spectral bands and changes to the&ngity. This is ascribed to collisions
between molecules which are associated with eniergygldition to that associated with the
absorption of infrared radiation. Hence, it is impat to maintain constant pressure in the
FTIR gas cell. Numerous studies report the infleeottemperature and pressure on infrared
absorption spectra. With these as a referencegstdecided to set the temperature of the gas
analysis system, from the transport line to theRFgas cell at 180 °C and the pressure in the

FTIR gas cell below the atmospheric pressure at5@orrs>

With the configuration of the FTIR gas cell acqtis parameters and the appropriate
experimental conditions to obtain gas phase speéett@mined, value may now be added to
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the FTIR spectrometer through the development sfqgantitative analysis methods. In this
regard, it is worth remarking that of the expladgatof the FTIR instrument’s capacity for gas
quantitative analysis is associated by some witjh hiitial start-up costs (infrastructure,
knowledge, time consuming) and therefore often loo&ed. The next section of this study

focuses on the development of an FTIR quantitanedysis method for gases.

2.1.2 Quantitative analysis method

FTIR will only be considered a valuable quantitatanalysis instrument providing the area
under the peaks of absorbance bands is relaté@ twoncentration of chemical species within
the sample. All infrared quantitative analysis &sé&d on Beer's law which states the linear
relationship between the absorbance of an IR-abgprbubstance and its concentration
(equation 5).

A=g¢lc (5)
Where A is the measured absorbarecéhe molar absorptivity, | the path length and e th
concentration.
However, over a wide range of concentrations thealiity of Beer’ law is limited, notably
due to the nonlinearity caused by electrostatieradtions between molecules in close
proximity.'” Beer’s law also has its limits concerning the difiation of complex mixtures.
Absorbance being additive, when two or more sulestmrabsorb at the same wavelength,
Beer’ law does not allow their differentiation. Qwyi to the necessity of assessing species
concentrations in numerous applications, computationodels have been developed to help
overcome these limitations, i.e. nonlinearity an@rapping of absorption bands. Among the
mathematical and chemometric models, it is worthntimaing, by decreasing order of
complexity: Principal Components Regression (PARplicit Non-linear Latent Variable
regression (INLR), Partial Least Square (PLS) ala$$ical Least Square (CLS). The process
of these mathematical models is basically a muftieshsional interpolation of the calibration
spectra to best fit measured spectrum. These madelsalso provide higher precision and
detection limits than peak height or areas methasishey use all the information contained
within spectral region. Classical Least Square (Cih& been used for the quantification of
gas species in a complex matrix such as smtKkehis algorithm will be used in this study;

hence, the next paragraph explains the procedwskaging gas quantitative curves.
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a) Classical Least Square algorithm

The CLS algorithm is commonly used for analyzingtagdaespecially those used in
multivariate calibration to resolve overlapping pbmenon between specie8To explain
the CLS model, the example can be given of a campiture with five compounds all
absorbing in the spectral region between 1800 &06 tm'. The CLS application consists in
creating a K- matrix representing absorbance at @amve-number of the spectral region of
interest. In this example (between 1800 and 1708)dhere are 101 points, the first at 1800
cm?, the second at 1799 &and so on to the last at 1700 tnif S(i) corresponds to a vector
represented by the matrix, iR represents, similarly, the spectrum of each stethd at
wave-numbeii. This vector is normalized so that the concerdmabf standards must be 1
ppm (unit used for the quantification). Hence, thector S(i) is regarded as a linear

combination of these five compounds according &oréhation shown in equation 6.

5
DRG] = 5O ©
=1
Where cj is the concentration of compound j ingample.
The next step of the CLS model consists of findthg linear combination giving the

minimum residuali (equation 7).
=4
ai=sO-Y RGN @)
i=1

This calculation makes use of 101 available equatto eliminate background noise and then
finds the linear combination that is most represeve of the real spectrum. For the purpose
of the present study, the CLS model, using FTIR T@#st computational software, was

applied to develop calibration curves following 8teps outlined below:

1) Standard spectra are acquired for each gas oksttat a minimum of five different
concentrations. The calibration curves are detezthiny measurement of numerous
peak heights or areas.

2) Selection of specific absorption bands for the @o&putation is made avoiding, if
possible, any overlapping phenomenon.

58

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Franck Estimé Ngohang, Lille 1, 2014

3) Overlapping specie(s) in bands or regions seleicied specific gas of interest (if any)

must be specified in the CLS computational model.

4) Selection of relatively low absorption bands, defeg on the quantification range, is

recommended, in order to avoid any saturated phenom and to obtain linear

calibration over a large concentration range.

5) The CLS model can then be applied to compute edldor curves following which the

latter are examined for their linearity.

b) Standard gases

Eighteen reference gases were selected based arhéng@cal composition of smoke (e.qg.

CO,, CO), the toxicity or corrosion impact (e.g. HFCHHBr) and the potential to obscure

other species in infrared spectroscopy (e.g0,Hvery strong absorber over a wide range of

mid infrared). The spectra of these eighteen gasgsired with the iS10 FTIR are assembled

at Fig. 25. The respective absorbance bands of gashcan be seen as can most of the

overlapping phenomenon between these gas species.
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With the exception of the initial concentrationsreference gases, certified by the supplier,
the calibration points are constructed by mixing tleference gas with pure nitrogen as
diluting gas. Using mass flow meters (cf. Fig 22precise amount of the calibrated gas and
nitrogen (IR-inactive) can be delivered to obtaillutéd concentrations. For each calibration

point, at least three spectra are acquired to enthe dilution accuracy of the resultant

concentration. Fig. 25 contains a database (liprafygases designed to aid qualitative

analysis of unknown spectrum and in the selectibappropriate bands or regions during

application of the CLS FTIR quantitative mode

C) Selection of quantitative analysis area and calimecurves

The precision and accuracy of the CLS computationatlel for FTIR gas quantitative
analysis also depend on an appropriate selectiabsdrption peak(s) or of calibration region
in the spectrum of each standard gas. Therefoigjntportant to select peak(s) or regions in
which, ideally, no interference would disrupt cedition. In practice, overlapping phenomena
often occurs between gas species in IR, as prdyishswn in Fig. 25. If the selected peaks
or regions of the gases of interest interfere wather component(s) or are suspected to
contribute to the absorption peaks’ height or atkay must be signalled as overlap in the
CLS computational model. An example of the selectid peaks and/or regions for the
calibration of CQ, CO, CH, CH,, CH;COOH and CHCOCH; is illustrated at Fig. 26. The
resultant calibration curves obtained for theseegassing the CLS model are assembled at
Fig. 27, revealing good fit between actual and Waled concentrations according to a

correlation coefficient (R?) close to 1.
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Figure 26. Selection of absorption bands for theSQuantitative model
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Figure 27. Calibration curves of GOCO, CH, CH4, CH;COOH and CHCOCH;

The results for all gases calibrated in this statyy summarized in table 2. For each gas, the

selected calibration region, the correlation caedfits (R?) of the calibration curves and

interference gases are reported. All gases cadithraith the CLS computational model show

a correlation coefficient close to 1 (between (88 0.99), thereby confirming the linearity

of quantitative curves (see appendix 1 for the othes calibration curves). Note that the

calibration of hydrofluoric acid (HF) was not dorie,avoid the risk of potentially damaging

© 2014 Tous droits réservés.
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or disturbing the FTIR gas cell. Moreover, becadBeis highly corrosive, only one spectrum

at 100 ppm was recorded for use in the CLS modtiercontext of potential overlapping, as

well as in the qualitative analysis database, sedtis released during thermal decomposition

of materials under study.

Table 2. Summary of gas calibration results

Gas Wave numbers regions Correlation Interferences
(cm}) coefficient
(R?)

Cco, 3702 - 3692 0.83 40, NO,, SO, NHs, CH,

co 2049 — 2140 0.99 19, CO, NO,

CH, 3020 - 3010 0.90 0, CQ,HCI, GH, CHsg

CHy 951 - 946 0.91 D, CQ,NO;,, SO,
CH;COOH 1022- 968 0.99 40, CHCOCH;
CH;COCH; 1249-1210 0.95 O, CHCOOH

H.O 3951-3914 0.98 NH

HCI 2823-2848 0.98 }0, CQ, HBr, GH, C;Hg NO,

HBr 2527-2431 0.99 HCI

HCN 715-710 0.99 &,

NO 1876-1870 0.96 30, CQ, CO

NO, 1634-1628 0.99 D, CO, CO, HCI, CH, C,H,, C3Hg

NH; 935-924 0.99 KD, CQ,NO, SO,

SO, 1362-1358 0.99 0, CQ, CH,C3Hg NO,

CoHg 2957-2949 0.97 HCI, CHC,H, CiHs

CaHg 2971-2964 0.98 HCI, CHC,H, CiHs

C.H, 3315-3307 0.96 HCN

HF - - -

In addition to the quantitative analysis of evolgabes, analysis of the size distribution and

concentration of smoke particles he will be perfednusing the ELPI interface with the MLC

fire model.

2.2 ELPI for particles analyses

ELPI was developed relatively recerf§yand has become increasingly utilized for the

investigation of airborne, automotive diesel andhbastion particles in general, as reported

in literature!®®

© 2014 Tous droits réservés.
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2.2.1 Principle

ELPI is mainly constituted of a corona charger,cade impactor, a series of electrometers
connected to each impactor stage and a vacuum @gnghown at Fig. 28. The operating
principle of the ELPI is quite simple and can benmarized in three consecutive steps.
Firstly, particles from the sample are exposed tmi@olar positive ion environment in the

corona charger, where they are electrically chatgedknown charge level.

‘ Clean flush air

for zeroin
T Sensor "

e e [ m _
Charger | Display and controls

and " HV source
praseparator

13 " Hisctrometens
—_—

3 Internal PC .
Impactor 11 - Conneclion to PC
10 + {(Optional)
9 -
8 = A
7 - - =
L] — Ext. Input x 6 -
. =€ —
3 —
2 . Ext. Qutput x 3 4

Ll

+= |Pressure sansor

USB port
~ Flow conlrol

Vacuum pump

Figure 28. Schematic presentation of ELPI features

The corona charg&’ (Fig. 29) is composed of a thin electrode (a) é®edie shape with a
width of 5 mm positioned relative to a second owutg@imdrical electrode (b). The potential
difference between these two electrodes is 5 kethegenerating a corona discharge from

the tip of the inner electrode.

Aerosol flow

Trap voltage
400/50V

ELPI charger

Figure 29. Corona charger
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This discharge produces positive ions which moweatd the external electrode because of
the potential difference. Particles passing throtlgh gap between the two electrodes are
charged through collisions with the ions. Moreowerthird short cylindrical electrode (c)
getting a potential difference of 400 V with resptcthe external high cylindrical electrode
serves to retain very small particles below the Einkpactor cut-off range, determined by
their electrical mobility. Consequently, the chagdeparticles below the cut-off range of the

device will not be measured by the ELPI electromsete

In the second step, the charged particles entelothgressure cascade impactor where they
are classified into size fractions of 6 nm to 10 pocording to their aerodynamic diameter
(da), the latter determining their deposition apaticular ELPI stage. When their da is
inferior to the cut-off diameter of the ELPI stadlee particles continue their course to the
next stage; otherwise, they impact against theectatin plate as illustrated at Fig. 30, where

the blue particle is larger than green, in turgéarthan the red particle.

\

=

Figure 30. Particle impaction principle in the ELPI

In the final step, the charges carried by partielescontinuously measured, at each impactor
stage, by sensitive electrometers located insideELP1 (Fig 28) with the measured currents
being proportional to the number of particles. Eoacentration of particles per tia then
determined for each size range according to Equa&iand using transfer functions provided

by the manufacturéf**?

PNeQ ®)
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WhereC is the number concentration (# /9 the measured current (AP, the penetration
through the chargef\ the average number of charge per partickethe electron charge
(1.602x10" C) andQ the flow rate (10 L/min = 1.6x1dm?s).

2.2.2 Factors influencing ELPI measurements

Despite the theoretical simplicity of its operatimginciple, some experimental issues
concerning the ELPI may have an influence on measent data. One of these is the rebound
phenomenon; in other words, particles bouncingaotf possibly fragmenting on impact with
the collection plate. This phenomenon may resuftagmented particles passing towards the
lower stages of the impactor where the cut-off @itenis smaller. The consequences are the
artificial displacement of “real particles” and tkbarge transfer between their fragmented
counterparts and the lower plates, thereby biasotly the size distribution measurement and
the evaluation of particles concentration. Thisrmmeenon is reduced by greasing the ELPI
collection substrates, which favours the entrapnoémgarticles by capillary forces and thus

prevents the rebound phenomenon occurifhg.

Furthermore, in order to process the ELPI measumsnene parameter only must be entered
by the user, namely the density of the particléss parameter is involved in the conversion
of the aerodynamic diameter. Inaccurate densityeslcan give rise to overestimations or
underestimations in the measurements. In the framewof the present study, the density of
particles will be assumed as 1000 k§j/iote that if the actual density of the partidieshe
measured sample is 8 times this density, then @dheantration of ultrafine particles will be
calculated to be 10 times smaller than their aotoakcentration; however, this effect is less
noticeable for micrometric particlé&’

Moreover, not all particles that enter the coroharger actually reach the impactor stage.
Indeed, some patrticles, subjected to radial acaiiber towards the walls of the charger due to
the electric field, actually remain there. The ¢aicof penetrationP of the particles was
therefore defined as a given fraction of partidesssing through the charger with respect to
the total in the sampf&>

3 Conclusion

This chapter has highlighted the motivating factbit led to the selection of the Mass Loss

Cone, Fourier transform infrared spectroscopy alettecal low pressure impactor as
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preferred techniques in the construction of a betesht for investigation of flammability

parameters, as well as the gases and particleaigedtin fire smoke. The design concept of
coupling MLC/FTIR/ELPI was presented and its appiaipness with reference to the
requirement of characterizing smoke gases andcfegtiuring fire scenario testing discussed
in detail. Qualitative and quantitative analysistimoels for the determination of gas-phase
species in the smoke with FTIR were developed. deastitative curves were also developed
using the implementation shown at Fig. 22 and th& Computational model as provided by
TQAnalyst software and have revealed good lineanty correlation between actual

calibration standard gases’ concentrations ancethakulated with the computational model.

Finally, the operating principles of the ELPI weaéso discussed. Despite its apparent
simplicity, there are some valid concerns linkedh® accuracy and integrity of experimental
data; specifically, the bounce phenomenon which b@&s measurement of particle-size
distributions. Steps taken to correct this biaggbsasing the ELPI substrate and setting the

density of particles in the ELPI analyzer were praed.

An essential element of this project is to evaluthte effectiveness, reliability and
repeatability of results obtained with the propobedch test. These topics are covered in the
next chapter, with ethylene vinyl acetate unfilledd filled with aluminium trihydroxide

being used as reference materials.
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CHAPTER 3: VALIDATION OF MLC/FTIR/ELPI WITH ETHYLEN E
VINYL ACETATE UNFILLED ANDFILLED WITH ALUMINIUM
TRIHYDROXIDE

Ethylene vinyl acetate and aluminium trihydroxidee increasingly used as raw
materials in the formulation of zero halogen eieatrcable coatings’* The fire behaviour of
ethylene vinyl acetate unfilled and filled with alinium trihydroxide is revisited in this
chapter in order to evaluate and to validate theuracy, precision and added value of
coupling MLC/FTIR/ELPI for the characterization fafe behaviour of polymeric materials.
After presenting the reference materials evaluatied this study, validation the
MLC/FTIR/ELPI coupling will be conducted as follows

As a first step, the effect of the sampling prolbestalled close to the thermopile in the
chimney on the measurement of MLC data (HRR agdid examined. Results of the
qualitative analysis of gases in the smoke gengrbjeethylene vinyl acetate combustion
using MLC/FTIR will then be compared to publishedtad from TGA/FTIR and/or Py -

GC/MS micro scale tests. The accuracy and precisidhe FTIR method developed for the
quantitative determination of changes in the chesnf gas species during the MLC test will
be subsequently discussed as will the accuracy pmedision of coupling MLC/ELPI to

determine the size distribution and concentratiopaoticles in the smoke.

Secondly, validation of MLC/FTIR/ELPI is extendeamlthe study of flame retarded ethylene
vinyl acetate filled with aluminium trihydroxide aseference material. In fact, this
experimental setup is originally proposed for usdire behaviour characterizations of flame

retarded materials, such as electrical cables amibuastible materials in general.

The benefit of coupling MLC/FTIR/ELPI to expand ttk@owledge of the characteristic

parameters of the fire of materials under studguissequently highlighted. In this regard, a
comparative and synthetic study of the fire effigeaf ethylene vinyl acetate unfilled and

filled with aluminium trihydroxide is performed the third step, using MLC/FTIR/ELPI.

In summary, this chapter presents the results aluations of the proposed MLC/FTIR/ELPI
combination demonstrating that this technique isetitient and valid experimental bench

test for simultaneously analysing evolved gasesl{@tively and quantitatively), particles
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(size distribution and concentration) and flammabparameters (HRR, tig...) during a fire
scenario simulated by MLC experiment.

1 Reference materials

Ethylene-vinyl acetate copolymer containing 28%vofyl acetate (hereafter called EVA)
supplied by Arkema and aluminium trinydroxide (AT&)pplied by Martinswerk (Bergheim,
Germany) are used as raw materials to make pldtesgin EVA and EVA/ATH. Sample
plates are prepared using a Brabender mixer 350HiHa shear rate of 50 rpm at 180 °C.
EVA is initially heated to molten state for 5 mittyereafter, in the case of the fire retarded
EVA/ATH material formulation, raw ATH is incorpord and mixed for a further 15 min
(total elapsed duration: 20 min). The EVA/ATH foration contains 35 wt.% polymer and
65 wt.% ATH respectively. Finally, neat EVA and EVAAH are pressed in appropriately
sized molds (100 x 100 x 4 nfjrat 200 °C under pressure of 20 kN for 3 min,dkd by 5
min under 40 kN, then cooled to room temperatuferbedemolding.

2 Set-up validation with Ethylene Vinyl Acetate (E\A) as reference

material

2.1 Influence of smoke sampling probes on mass lagsne measurements

The original operating principle of MLC is based @raluating parameters, such as HRR, by
measuring the temperature change of mass air fienavthermopile located in the MLC
chimney. The question addressed is “Does the locat two smoke retrieval probes in close

proximity to the thermopile disrupt measuremeniidiC data?”

A comparison of HRR angjtvalues obtained from fire tests conducted with Mh@s basic
configuration and equipped with two smoke retrigmadbes for gas and particles analysis is
presented at Fig. 31 and table 3. The curves at3Eigepresent an average of the results
obtained over three tests, in each case for EVA @n@5 kW/mz2. It also includes the
temperature evolution of smoke at the sampling tpwinthe chimney. The thermocouples
used to measure temperature are located belowetitedhsample lines going out to the FTIR
and ELPI analyzers. In both cases, it can be desritie use of two smoke retrieval probes in
close proximity to the thermopile does not influemestrument measurements. There is good

agreement between the HRR agdrteasurements (values in the range of 10% erremyed
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as the smoke temperature measurements taken kmfdrafter the installation of the two

retrieval probes. The Standard deviation for thefiles is estimated at 4% fog &and 9% for

HRR.
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Figure 31. HRR of EVA with and without retrievabpes at the top of the chimney

(35 kW/m2)

800

It is reasonable to assume therefore that the emprtal bench test configuration allows

measuring usual cone data with simultaneous asabfsjases and particles during an MLC

test.

Table 3. Mass loss cone data with and without smetkeval probes

© 2014 Tous droits réservés.

MLC device in its original MLC device with two smoke
configuration retrieval probes above the
thermopile
tig (S) pHRR flame out tig (S) pHRR flame out
(kKW/m2) (s) (kKW/m2) (s)
Test 1 96 460 495 105 450 497
Test 2 103 465 510 110 447 512
Test 3 106 455 500 109 446 531
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The next step is to validate the capacity of theQYHTIR/ELPI coupling to provide accurate
and repeatable results when used in the real-tinadysis of evolved gases and particles

released during combustion of EVA.

2.2 Gas phase analysis

Validation of this bench for monitoring evolved gasn fire smoke is conducted in two steps.
The first of these consists of a qualitative analgé gases from EVA using MLC/FTIR. The
data obtained are then compared data from smale dests (TGA/FTIR, Py-GC/MS)
available in the literature. The second is focused/alidation of the accuracy and precision
of the quantitative analysis of gases detected ¢wee using the FTIR gas quantitative
method previously developed.

2.2.1 Qualitative analysis of gases

In order to evaluate the evolution of gases dudambustion of EVA at 35 kW/m?, FTIR
spectra are recorded at specific times. These tares before ignition, during flaming and
close to flame out. These spectra are comparduabsetof reference gases from the database
library (Fig. 32 - 34). Thereafter, only the chdesistic peak permitting the identification of
the gases are given. Before ignition (107 s) FRysBows the C=0 stretching in the region
around 1810 - 1790 chmand -O-H bending around 998 ¢nattributable to CRCOOH; CQ
corresponding to the absorption bands around 235310 cm'; CO with absorption bands
around 2187 - 2115 cfand CH with its characteristic peak around 3030 - 2990'cm

7
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Figure 32. Qualitative analysis of the gas in E\fAoke before ignition
(MLC/FTIR - 35 kW/m2)

Furthermore, an overlapping phenomenon at aroufi® 3®800 crit, ascribed to the C-H
asymmetrical stretching, is observed as illustraiielig. 33. The release of gfbsorption
around 3200 - 2990 cfh), CH;COOH (with C-H stretching peak at 2995 trand also of
C,H. (peak at 2985 cil) exhibiting low-intensity absorbance are idendfie
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Figure 33. Identification of hydrocarbon gases MAsmoke before ignition

(MLC/FTIR - 35 kW/m?)
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During the flaming phase at 286 s, broad bandsobserved (Fig. 34) at around 3900 -
3500 cm® and 1900 - 1250 cthattributable to KO high-intensity absorbance. The signals
observed around 2357 - 2310 tithigh intensity) and 2187 - 2115 &rflow intensity) are

ascribed to C@and CO respectively. These results are consistightthe degradation gases

(CO,, CO and HO), usually detected during combustion of polymenaterials->

507
4,5«5
40}
as!
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25:

FTIR spectrum of evolved gases in

the smoke from burning phase
EVA at 286 s of fire process mwnm
| VY ” Jll‘l\ J

FTIR spectrum of gases from library database

Absorbance

CO

SN TIPS . - W SR PR AR . ._.»MLM]

Waenurbers (cm-1)

Figure 34. Qualitative analysis of the gas in E\@o&e during flaming phase
(MLC/FTIR - 35 kW/m?)

Close to flame out at 413 s, the signal intensdigsbuted to the evolved gases £00 and

H,O decrease (Fig. 35). This is due to the lack ef fasulting from the complete combustion
of EVA during the MLC test.
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Figure 35. Qualitative analysis of the gas in E\fdo&e during fire decay phase
(MLC/FTIR - 35 kW/m?)

These results, namely the detection of ;CHOH, CH, GHi CO, CO, HO, 3 = %
demonstrate that the MLC/FTIR coupling configuratenable identification of evolved gases

in fire smoke.

2.2.2 Quantitative analysis of EVA fire smoke

In order to quantify the evolving gases during costlon of EVA, MLC/FTIR experiments
at 35 kW/m2 were performed. The concentrationswaiiveng CH;COOH, CQ, CO, KO,
CH,4, and GH, are followed as function of time (Fig. 36). To ke repeatability, all
experiments were performed three times. Acceptapeatability is observed.
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Figure 36. Repeatability evaluation of quantitatarealyses of evolved gases during EVA
combustion (MLC/FTIR - 35 kW/m?2)

Moreover, the standard deviation®) @re calculated for all of the gas released (Big)
resulting in: 3% for CQ 4% for HO, 8% for CO and 9% for G3EOOH. For CHand GHy,,

the standard deviations were estimated at 11% a%@ré&spectively. The increase in standard
deviation, which is higher for low gas concentraidCH,and GH,), may be attributed to the

signal-to-noise ratio of the FTIR configuration wiKlS = 1, since the influence of this ratio is

globally higher as the measured concentration dsese

© 2014 Tous droits réservés.
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These results demonstrate the accuracy of thishbfamoguantitative monitoring of gases in

the smoke during an MLC test. To obtain accuratérapeatable results, some experimental

conditions that require particular attention shooddnoted: prevention of cold points in the

gas transfer line; maintaining constant pressutienFTIR gas cell (identical for calibration

and for the unknown gas in the smoke) and prehgafinexperimental equipment related to

the gas-phase analysis (filters, transfer linel@hkdR gas cell).

Furthermore, the concentration of evolved gases fasiction of time are consistent with the

combustion mechanism of EVA described in the litae’* ~ *°

© 2014 Tous droits réservés.

(i)

The first stage, from the beginning of the expentrte ignition, is characterized

by the release of GJEOOH and CO. CECOOH reaches a peak of almost 262
ppm at 108 s, and CO a peak of 76 ppm at 108 koafgth CH and GH, are

also released, their concentrations are lower: geak 10 and 12 ppm

respectively are observed,®lis also detected during this stage, but in vewy |

concentrations compared

to

those measured duringmbustion.

This

quantitative analysis confirms that acetic aciditésy from the deacetylation of

vinyl acetate (Fig. 38) has the highest concemtnatif all gases released during

the first stage of EVA thermal decomposition.
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(i)  The second stage (from ignition to flame out) igreleterized by a spontaneous
increase of C@and HO (reaching concentrations, respectively, of 13ahé
19419 ppm at 286 s) while the concentration okCBIOH, GH,4 and CH drops
to zero soon after ignition. A local decrease in @furs at ignition, followed by
an increase during the flaming phase, with a pdak3d ppm at 327 s. This
release of CO during the flaming process of EVA cmnsistent with the
incomplete combustion of hydrocarbons. It is alsteworthy that the EVA plate
becomes liquid (molten EVA) during the flaming pbateading to a pool fire
(visual observation) in the sample holder.

These results are in agreement with previous studigorted in the literaturé; %
The thermal degradation of EVA takes place in ttemess, the first (between 250
and 350 °C) corresponds to decomposition of thgl\dpetate group, with release
of CH;COOH and CO, as well as GQCH,, H,O (the latter gases being related to
the secondary pyrolysis reaction of vinyl acetate}**According to Barrall, in
GC analysis?’ the release of CHesults from the degradation of saturated bonds
at the end of carbon chains. The second stagen@r@®0 to 450 °C) corresponds
to the degradation of polyene characterized byr¢fease of Cg CO, HO and

saturated or unsaturated hydrocarbons composetbdd atoms* 18

—CH, CH, CH CH —
H/\j(\ \\m{:m{"/: m’\
0 . at
Y +
‘:\’:c/ m{,—cﬁn
\(:]{3 \\“OH

Figure 38. Mechanism of deacetylation of ethylenglhacetate

2.3 Particle analysis from EVA fire smoke: size disibution and
concentration

Investigation of particles emitted by diesel engihas been reported in numerous stutfies,
but little data is available on the characterizatid particles from the flame during a fire. This
is due to the difficulty of sampling particles afas present in the smoké& Nevertheless,

there is a general consensus that the particleisizbe case of particles emitted from a
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material undergoing combustion has a widely submniatistribution (<1pum) and that this is
dependent on the nature of fuel, ventilation cdadi and temperaturé® Establishing a
methodology for the investigation of the size disttion and concentration of particles in fire
smoke will consequently create added value in tmeext of characterizing the fire behaviour
of materials. This section focuses on evaluatimgp@rformance of the experimental bench in
the characterization of the size distribution andaentration of particles in the smoke of a

fire of materials.

In relation to the gas phase analysis discussedealeasurements of the size distribution
and concentration of particles per tin the EVA fire smoke were made at the same time,
using ELPI and MLC. Fig 39 indicates that the md8 emitted in the smoke during
combustion of EVA are principally ultrafine (< Odm), followed by fine or submicron
particles (< 1um). Two characteristic peaks areatetl, the first of which for particles of 16
nm, with an average of 3.18 27 % particles per ctrand the second for 93 nm particles with
an average of 2.1+ 15 % particles per c¢inThis observation of the release of mainly
ultrafine and fine particles in smoke during EVAndaustion is consistent with previous
studies in which it has been reported that thersinge of particles in fire smoke of polymeric
materials lies mainly below 1 pf In addition, MLC/ELPI is more precise about theesi
distribution of these submicron particles, as uteads two characteristic peaks at 16 and 93
nm, highlighting the precision of the bench in ctderizing submicron particles emitted in
the smoke from combustion of material (here, EVAJhough particles above 1 um, or more
precisely in the size range of 1.5 to 6.67 um, vedse detected, these were found in smaller
concentrations as compared to ultrafine partidleshe order of 1Dparticles per cf). This
information about the size distribution of partgles important, as the potential effect of
smoke particles emission on human health, for mt&ais directly related to their size
distribution.

Acceptable repeatability is observed in the resoiitthe particle-size distribution evaluation
(x-axis, Fig. 39). However, for the number of paes per cri(y-axis), some standard

deviations are evaluated (between 10 and 30%)wasdha random variation.
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Figure 39. Repeatability evaluation of soot sizgrehution and number in the EVA fire
smoke (MLC/ELPI -35 kW/m2)

These random standard deviations limit the repddyabf the determination of particles
concentration in the smoke. This can be attribtied

- The dynamics of the fire itself, which represeitschallenge to monitoring
concentrations of evolving particles in smdfe.

- An abrupt variation in the amount of particlesgiag through the ELPI impactor
stages, which may induce a faulty reading in therett measurements by the
electrometers®

- The rebound phenomenon, charging efficiency artighes penetration through the
ELPI charger may also be factors that impact onrépeatability of results from

the experimental determination of particles coneiun in the smoke.

In consequence, when the current implementationhef MLC/ELPI coupling is used to
determine particles concentration in the smoke direa of material, it is imperative that
standard deviations be taken into account wheritseste being reported.

These results demonstrate the accuracy and pnectfidhe MLC/ELPI coupling in the

investigation of size distributions of particles the smoke produced during a fire of

79

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Franck Estimé Ngohang, Lille 1, 2014

materials. With respect to the determination of toacentration of these particles in the
smoke, relatively high standard deviations are megoand this must be taken into account
when analyzing the results. After evaluating virgiVA, the validation test of the
MLC/FTIR/ELPI coupling is extended to flame retaidethylene vinyl acetate filled with

aluminium trihydroxide.

3 Set-up validation with ethylene vinyl acetate/alninium trihydroxide
(EVA/ATH)

As the proposed MLC/FTIR/ELPI coupling was desigriedthe purpose of characterizing
the fire behaviour of flame retarded materialseeosd validation test was conducted with
fire retardant EVA (EVA/ATH). There bibliography otains extensive published
documentation on the flame retardancy of EVA/ATH,** 13°:1%yhich makes it an
excellent reference material for the present studly.for the previous validation (see
paragraph 2), heat release rate, gas phase guelitatd quantitative analysis as well as
particle-size distribution and concentration haeerb examined and compared to available

published data.

3.1 Heat release rate of fire of EVA/ATH

The EVA/ATH formulation was evaluated at 35 kW/rRtg. 40). The HRR curve presents a
pHRR of 92 kW/m2, with time to ignition being 183and flame out at 315 s. During
measurement of HRR, evolved gases and particldeensmoke were also recorded. The
results obtained are presented below. The dat®dws selected from a series of three tests
that yielded similar results with standard deviasi@f 3% for i, and 7% for HRR. After the
fire test, a residue remains as shown at Fig. 4dictwcorresponds principally to the
formation of AbOsfrom the dehydration of ATH*” (cf. Eq. 1, chapter 1, page 30).
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Figure 40. Heat release rate of EVA/ATH as a fuorctf time (MLC-35 kW/m?2)

Figure 41. Residue of EVA/ATH (MLC-35kW/m2)

3.2 Gas phase analysis of EVA/ATH fire smoke

3.2.1 Qualitative analysis of EVA/ATH fire smoke

Results of the gas qualitative analysis for themgaises released at specific times during the
combustion of EVA/ATH material are reproduced ig.BR - 45. The specific times taken
from the HRR curve are: before ignition (180 s)pHERR (286 s) and after flame out (315 s).
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Before ignition of EVA/ATH (Fig. 42), KO (broad bands around 3900 - 3500"camd (1900
- 1250 cn), CO, (absorption around 2357 - 2310 YnCO (absorption around 2187 - 2115
cm?), CH, (low absorbance peak around 3030 - 2990)camd GH,4 (low absorbance peak at
2985 cnt) are detected. In addition, an intense absorpfioound 1750 cfh (C=0O

stretching), characteristic of the overlap of theébonyl group with water, is also identified.

0127
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FTIR spectrum of evolved gases
in the smoke from the thermal
decomposition of EVA/ATH at
180 s, before the ignition
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Figure 42. Qualitative analysis of the gas in theoke of EVA/ATH before ignition

(MLC/FTIR - 35 KW/m?)

This carbonyl signal is attributed to possibly aoet rather than to acetic acid, as there is a
better fit with CHCOCH; (absorption band between 1775 and 1700%cthan with
CH;COOH shifted to the left (absorption between 1860 4750 crit) as shown at Fig. 43.

This release of acetone rather than acetic acidbeaascribed to the catalytic effect oL@

which promotes transformation of GEOOH to CHCOCH;.*®
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Figure 43. Comparison of FTIR spectrum of evolvaseg with acetone and acid acetic

spectrum

During the flaming phase (286 s), intense absoméands of Ce(absorption around 2357 -
2310 cnt), H,O (broad bands around 3900 - 3500"camd 1900 - 1250 ¢ and low

absorbance of CO (absorption around 2187 - 2113) are observed (Fig. 44). The low
absorbance of CO is due to the combustion reactwooreover, there is a noteworthy
disappearance of GHind GHj, signals (at 3030 - 2990 chand 2985 cifl respectively).
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Figure 44. Qualitative analysis of the gas in théAATH smoke during flaming

(MLC/FTIR-35 KW/m2)
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Lastly, after flame out (413 s), the absorbancelbarf CO (absorption 2187 - 2115 ¢and
hydrocarbons (C-H stretching between 3100 to 280%) increase because of the smoldering
of the EVA/ATH residue (visual observation), whesd&O and CQ absorbance intensities

decrease (Fig. 45)

FTIR spectrum of evolved
gases in the smoke from
smoldering of EVA/ATH at
413s, of fire process

8
g
8
<
FTIR spectrum of gases from library database
CO»
‘ CoH,
40&)0 35&)0 3000 2560 ' ' ' .20;.')0 ' .151'.')0 ) 1000

Wavenumbers (cm-1)

Figure 45. Qualitative analysis of the gas in thRéAATH smoke during smouldering

(MLC/FTIR - 35 kW/m?)

This qualitative analysis of gas release during lmastion of EVA/ATH (HO, CO, CQ,
CH,, CH, and CHCOCH) is consistent with the literaturé: *® It highlights the accuracy

and the interest of this bench test for qualitatiegermination of gases in fire smoke.

3.2.3 Quantitative analysis of EVA/ATH fire smoke

In addition to the identification of evolved gadasthe EVA/ATH fire smoke, these gases
have been quantified over time (Fig. 46). The costibn process of EVA/ATH can be

divided into three stages. The first, from the eutsf the test to ignition (180 s), is

characterized by the release 0y CO (200474 and 16278 ppm respectively) and CO
(66087 ppm) with low concentrations obHL and CH (352 and 730 ppm respectively).

Furthermore, this quantitative analysis gives clealication of a competitive release of
CH3COCH; as against CECOOH with concentration of 427 ppm for acetone and &09¢
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ppm for acetic acid. It appears that the deacetylatf the vinyl acetate group in the EVA

copolymer loses its autocatalytic character inghesence of ATH. This can be explained by

Lewis acid/base interactions between3sCBOH released by EVA and A;resulting from

ATH dehydration, leading to the transformation ¢f{COOH into CHCOCH;.*®

The second stage consists in ignition to flame(8L5s); the concentrations ot®, CQ, and
CH3COCH;reach their maximum (588057, 311553 and 1623 pmpectively). At the same
time, the release of CO decreases (8953 ppm) ang GH,and CHCOOH are close to 0
ppm throughout the flaming phase (Fig 46). Thedthind final stage is from flame out to the

end of the experiment. After flame out, smolderomfigEVA/ATH residue was observed,

resulting in additional release of GHC;H, CO, CQ, H,O, CH;COCH; and CHCOOH.

Piloted ignition
» -p>Flame out

ppm ppm ppm ppm ppm

{

ppm

20- Acetic acid J/
[0 PPN WAV VNP .Y Y .

100

~ S
Lff/
m

[ —
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Figure 46. Gas concentration of EVA/ATH as a furctof time (MLC/FTIR - 35 kW/m?2)

3.3 Particle analysis in EVA/ATH fire smoke

The size distribution and number of particles esdit{per cr) during the combustion of
EVA/ATH, measured with the ELPI during the MLC test presented at Fig. 47. Particles
emission consists mainly of ultrafine particlesd)(& um) followed by fine particles (< 1 pm).

The highest concentration by number of particlehexsmoke is observed for particles of 54
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nm with 3.10+ 20 % particles per cinParticles larger than 1 pm are also observeupuadh

in concentrations lower by a factor of*tBan those of the ultrafine particles. This result
confirms the preponderant release of submicronigbest with a specific peak of 54 nm
particles, highlighting the precision of the ELRtarface with MLC in determining particle-
size distribution in the smoke of the EVA/ATH fire.
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Figure 47. Particle-size distribution and number pet in the EVA/ATH smoke
(MLC/ELPI - 35 kW/m?)

Promising results emerge from these analyses ofpgase and particles in the EVA and
EVA/ATH fire smoke using the MLC/FTIR/ELPI couplin@his bench test can now be used

to compare the fire behaviour of EVA with and without ATH.

4 EVA vs EVA/ATH: what is the added value of using
MLC/FTR/ELPI?

An overview of the results provided by MLC/FTIR/EILRppears at Fig. 48 a-d. It brings
together HRR and quantitative analysis of gases. @8 a and b) as well as mass pérafn
particles (Fig. 48 c and d) emitted in the smoke during cotiadousf EVA and of EVA/ATH.
When comparing the effect of ATH on EVA fire behaw, three main differences are
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highlighted: (i) increase in ignition time, (ii)daction of HRR peak, (iii) dilution of evolved
gases (Table 4). Furthermore, a significant amafnH,O is released for EVA/ATH,
reaching a local maximum of 2520 ppm at 180 s (leefgnition), while for pure EVA, the
concentration of kD is undetectable (Fig. 48.a),®l release at an early stage for EVA/ATH
iIs due to dehydration of ATH and formation of,@} in the condensed phase (cf. Eq. 1,
chapter 1, page 30). The delay in ignition time #rellower HRR of EVA/ATH compared to
EVA is explained by the extent of endothermic dehtidn of ATH into alumina and also to
the dilution of the gas phase by the release okemwdihe evolution of the mass of soot
particles (mg/r) in the smoke during the fire was also evaluagatending the knowledge of
the impact of ATH on EVA fire behaviour. The comgisawe evaluation indicates: (iv) the
large amount of soot particles before ignitionteé EVA/ATH material (almost 7.2amg/n?

at 175 s) whereas, for neat EVA, no particles wieected before ignition; (v) the global
dilution, by a factor of 10, of soot mass duringntmstion of EVA/ATH in comparison to
EVA (Fig. 48.c and d) because of the greater qtianfihydrocarbons in EVA compared to
EVA/ATH.
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Figure 48. Heat release rate, gas quantificatiorl amass of evolved particles in the smoke of
EVA and EVA/ATH (MLC/FTIR/ELPI 35 kW/m?2)

Table 4. Main physical parameters and concentratbgases for EVA and EVA/ATH
(MLC/FTIR/ELPI 35 kW/m2)

t (S) pHRR Total gas release (ppm) from test start to flante ou
9 (kW/m2) H,O CQ, CO CHCOOH | CHCOCH; | CH; | CH,
EVA 4101654| 3010474| 75905 4073 - 694 230
103 456
EVA/ATH L83 o 1336493| 472050 81390 401 3005 34y5 2072
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A comparison of size distributions and concentraith number of particles per &rim the
fire smoke of EVA unfilled and filled with ATH isrpvided at Fig. 49. This reveals that, in

both cases, particles emitted in the smoke have gimilar size distributions, i.e. mainly in

the range of ultrafine and fine particles.
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Figure 49. Comparison of particle size distributiand number in EVA and EVA/ATH smoke

EVA/ATH (MLC/ELPI - 35 kW/m?)

Nonetheless, the precision of the ELPI determinatioparticle-size distributions of particles

enables observation of particles of 6 nm beingassd during the combustion of EVA/ATH

but not during combustion of EVA, which suggest t@dtH in combination with EVA

favours the release of more ultrafine particlessThsult can be explained by the fact that the

flame retarded material (EVA/ATH) tends to redube bpxidation of a highly combustible

material (EVA) thereby promoting the formation oltrafine particles in the smoke, as

reported by Hertzberf® This result also corresponds with the observatiod. diRhodes*

who mentioned in his report that the presence dftiee flame retardants may increase the

formation of smaller-sized particles as compared to pusern@us.
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5 Conclusion

This chapter has focused on the validation of theCRFTIR/ELPI coupling as an applicable
and reliable experimental bench for quantitativel aimultaneous characterization of heat
release rate and of the concentration of gasegariities in the smoke produced during a
fire test. Using ethylene vinyl acetate as theresfee material, the experimental bench was
found to exhibit high repeatability and to provigiecurate results in chemical analyses of the
gases and particles associated with regular cote dais nonetheless noteworthy, that
account must be taken of the relative standardatievis relating to the concentration percm
of particles detected in fire smoke with the cutrenplementation of MLC/FTIR if the
results are to be correctly presented and intexgrdt is worth noting that it may be possible
to reduce these standard deviations by implemeiatidigution system for the ELPI analyzer.
On the other hand, application of MLC/FTIR/ELPItte fire behaviour characterization of
EVA/ATH confirms that ATH improves ignition timeeduces the heat release rate and, in the
main, dilutes combustion gases. The transformaifaacetic acid to acetone according to the
Lewis acid/base interactions between theQAl resulting from ATH dehydration and
CH;COOH from EVA deacetylation was also observed wite MLC/FTIR coupling.
Moreover, particles emitted in the smoke during bastion of EVA and EVA/ATH have
been shown to be predominantly in the ultrafindiglas (<0.1 pm) followed by fine particles
(<1 um) size range. It is also worth noting thatFA@ppears to promote the formation of
ultrafine particles (specifically, 6 nm), whichnst the case of neat EVA. In addition, during
combustion of neat EVA, two main peaks in the numifeparticles emitted per chwere
reported, the first for particles of 16 nm (alm8st0.10 per cni) and the second for 93 nm
particles (average of 2.70.4particles per cri), whereas for EVA/ATH, concentration peaks
occurred for particles of 16 nm, 27 nm and 54 nimgat 2.4.16, 2.6.10 and 3.0.10
particles per cthrespectively). To summarize, these results confine efficiency and the
added value of the MLC/FTIR/ELPI coupling. Considgrthe advantages of the bench, the
fire behaviour of EVA and EVA/ATH will now be testen different fire scenarios. The next
chapter is consecrated to providing a descriptiothese tests as well as a presentation and

discussion of the results.
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CHAPTER 4: INVESTIGATION OF HEAT FLUX EFFECT ON EVA
AND EVA/ATH FIRE BEHAVIOUR USING THE MLC/FTIR/ELPI
COUPLING

Investigations into the fire behaviour of polyntematerials are often conducted at 35
and/or at 50 kW/m¥® *°pecause these heat fluxes best reproduce the ghaggression
and heat stresses generated respectively by afingldnd/or a flashover fire situation and
enable realistic laboratory simulation. When it esnto determining thermal stability or
degradation of materials during flaming combustitests at different thermal stresses can
lead to a better understanding of fire performaasewell as improve knowledge of the
transient evolution of gases in terms of decommsikinetics and the type of particles
emitted in the smoke. The focus of this chaptetoistudy the effect of heat flux on the
characteristic fire behaviour of materials using MLC/FTIR/ELPI combination. As for the
two last chapters, EVA and EVA/ATH are used asrezfee materials. Four external heat
fluxes have been selected to simulate differeatdgenarios: 25 kW/m? to simulate a situation
of low thermal aggression, 35 kW/mz2 to simulate gdrfire, 50 kW/m2 a flashover fire

situation, and 75 kW/mz2 to simulate sudden onsaitehse thermal stress.

The first section of this chapter reports on thst fstage of the investigation, which lay in the
examination of parameters like HRR, THR, EHC and CHF, thereby enabling comparison
of the flammability performances of EVA and EVA/ATIH the above mentioned thermal
stress situations. The second section deals wéhetfects of heat flux on the quantitative
analysis of evolved gases as evidenced by the latitwu of their respective yields per gram
of degraded EVA and EVA/ATH. The third sectionasfised on the effect of heat flux on the
analysis of size distribution and concentratiorpafticles out of the flame of the EVA and
EVA/ATH fires. In the fourth section, an attemptliviie made to provide a global answer to
the question of “How experiments conducted at diffié heat flux levels with the
MLC/FTIR/ELPI combination could facilitate a bettenderstanding of the fire behaviour of

materials?”

1 Flammability of EVA and EVA/ATH at different heat fluxes

Numerous thermo-physical or flammability parametans be evaluated so as to describe and
classify the fire behaviour of a material. Theseap®eters depend on the test scale and
instrumentation. With MLC as a fire model, it issstble to measure HRRg,tMLR and
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derived parameters like THR, CHF and EHC. Thesamaters will first be commented on
before being examined at different heat fluxes 4seas EVA and EVA/ATH behaviour at

different thermal stresses.

1.1 Heat release rate and ignition time of EVA vs ¥A/ATH

HRR is considered to be the most significant patanfer characterizing the fire hazards of
materials, since it controls the growth rate offire heat, mass loss and smoke emis&tbn.
The {gor combustion initiation of a material represeihis ime at which the sample starts to
burn. The HRR andgtvalues of EVA and EVA/ATH at 25, 35, 50 and 75 kW¥/are plotted

at Fig. 50 a-d. As expected, the flame retarded YA exhibits lower pHRR values (by
around 80% as compared to those of neat EVA (T&hleAs discussed in the previous
chapter, the relatively low pHRR of EVA/ATH in coast to neat EVA can be attributed to
the physical and chemical actions of ATH!*> 1**The physical mode of action leads to the
formation of a ceramic layer of AD; that acts as a barrier limiting heat and massstean
while the chemical action in the condensed and ayssephases corresponds to the

endothermic dehydration of ATH resulting in dilutiof the gaseous fuel.
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35 kW/m: (b)
ty= 103 s
600 - ty= 179 s
400 -
200 -
O -
[0} 500 1000
Time (s)
800
75 kW/m: (d)
tig= 27 ¢
600 - tigz 43 s
400 -
200 -
[0}

[0} 500 1000

Time (s)

(MLC - 25, 35, 50, 75 kW/m?)

Table 5. Peaks heat release rates and ignition dbirieVA and EVA/ATH formulations at 25,
35, 50, 75 kW/m2

Heat flux pHRR (kW/m?2) i (s)

(kKW/m2) EVA | EVA/ATH EVA EVA/ATH
25 452 85 810 451
35 447 91 103 179
50 547 118 51 75
75 633 129 27 43

For heat fluxes of 35, 50 and 75 kW/m?, thet EVA/ATH is longer than that of pure EVA.
This observation is consistent with the physicatl ashemical actions of ATH already

© 2014 Tous droits réservés.
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reported. However, for tests performed at 25 kW/mtemarkable inversion between EVA
and EVA/ATH is observed. The piloted ignition ofrpltEVA is observed at 810 s, whereas it
is at 451 s for the EVA/ATH formulation. To invegite this unexpected result, photographs

of the samples at the ignition time are analysegl 5& a-d).

During the experiment performed at 25 kW/m?, therial decomposition of EVA is
observed to result in the formation of a carbonasdayer (char) before the piloted ignition.
This carbonization phenomenon was not observeagldine tests conducted at 35, 50, and 75
kW/mz. Indeed, prior to ignition, the samples of A¥xhibit a viscous aspect at 35 kWw/m?,
and a liquid (melting and bubbling) aspect at 5@ @b kW/mz2. In the case of the flame
retarded EVA/ATH at 25, 35, 50 and 75 kW/m?, thengkes in the MLC holder remain in
solid state throughout the duration of the firetdesvhich is probably due to high ATH
content.

EVA EVA/ATH

75 kW/m- (d)

Figure 51. Photos of EVA and EVA/ATH at time oftign (MLC - 25, 35, 50, 75 kW/mg?)
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Based on visual observations during the tests padd on EVA and EVA/ATH, the major

difference between the two materials is the foramabf a carbonaceous layer or char during
the thermal decomposition of EVA at 25 kW/mz2 (Fi..&. The inversion of the relative
magnitudes of thggiof EVA and that of EVA/ATH at 25 kW/m? might be @utable to the
formation of this char which was not observed gt®band 75 kW/m2 (Fig 51.b - d). It can

be assumed that the char acts as a protective, lalgmking the release of decomposition

gases, including combustion “fuel” gases and comsetly delaying the onset of piloted

ignition of the EVA sample.

Figure 52 shows the results in the form of Gramn3dh (describing intensity of all gases

released during thermal decomposition) and MLR ddgmosition kinetic of the material)

profiles, of the neat EVA experiment at 25 kW/m2stationary phenomenon is observed in
both the Gram Schmidt and MLR curves prior to EdAition.

> Piloted ignition

> Flame ou
1,8
e Charring period
2> : ——— Gram Smidt
@ 1,2 - :
©
"E P P seeecesenes MLR
= 1,01 <
2 /
E /
0,8 -
@ /
E 0,6 - Sudden release of
O the gases followed
0,4 - by the §
0,0 W : B A S -
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Figure 52. FTIR Gram Schmidt and mass loss rate\0&A (MLC/FTIR-25 kW/mg?)
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This stationary phenomenon is attributed to crogsrlg and charring on the EVA surface,

which slows down the flow of fuel in the gas phased limits oxygen access to the remaining

material3*~** The subsequent rupture of the carbonaceous lagecés a sudden release of
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gases, as illustrated by the first thin peak on @Gram Schmidt close to 800 s, which is
followed by ignition. The formation of the carboeacs layer is therefore the cause of the

delay in ignition of the EVA sample at 25 kW/mz.

The Gram Schmidt and MLR profiles for EVA/ATH at R8V/m?, are plotted at Fig. 53. A
continuous increase (from 160 s) is seen in thesnass rate and the intensity of gases
released in the smoke. This relates to the degoedat EVA/ATH, which continues until the
gaseous fuels reach the concentration, temperahdeoressure necessary to trigger piloted
ignition (at 451 s).

Piloted ignition

>
> Flame out
0,6 0,06
0,5 - - 0,05
—— Gram Smidt
>
D o4 e MLR B 0104 >
c -
2 =
=
— i)
203 - - 0,03 &
§ Continuous process of mass /_\ §
= loss and of the gases releaspd | . -
G 0,2 until the 1, - 0,02 &
o W =
N
0,1 - ; S b o001
0 e T T T 0
0 100 200 300 400 500 600 700 800 900

Time (s)

Figure 53. FTIR Gram Schmidt and mass loss rate\GA/ATH (MLC/FTIR - 25 kW/m?)

These results, obtained with the MLC and FTIR caration, provide empirical evidence that
aids in explaining why pure EVA ignition occurs aftthat of EVA/ATH when these
materials are subjected to a heat flux of 25 kWhwzhis heat flux, a char layer is observed
to have formed on the EVA material, which has tiffect of limiting the evolution of
decomposition gases and hence delaying ignitiors d@monstration highlights the potential
of the proposed simultaneous bench test in comparahvestigations of the thermal

decomposition pathways and mechanisms of matefialsddition to HRR andigt other
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physical parameters, such as THR, CHF and EHC, bmarused to investigate the fire
behaviour of materials. These parameters are disdus the following sections.

1.2 Total heat release of EVA and EVA/ATH at diffeent heat fluxes

Total Heat Release (THR) is a physical parametat torresponds to the total available
energy in a material during a fire. It can be cdased as being the area under the HRR curve.
The THR of EVA and EVA/ATH at 25, 35, 50 and 75 kwi#/are plotted as a function of time
in the graph at Fig. 54. In the EVA case, the THRilgit at each heat flux a value that lies
within the narrow range of 75 £+ 2 MJ/m2. On the estthand, the measured THR of
EVA/ATH (Fig. 54) is proportional to the externatdt flux, with measured values at around
15, 17, 56, and 58 MJ/m? for heat fluxes of 25, 86,and 75 kW/m?2, respectively. A
noticeable difference is thus observed betweentwee cases with the THR values of
EVA/ATH lower than those of EVA by 80, 78, 25 an?2l % with respect to the increases in
the applied heat flux.

90
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70 A

—— EVA_25 kW/m?
60 -

—— EVA. 35 kw/m?
50 -
“ —— EVA_50 kW/m2

40 1 —— EVA_75 kW/m?

THR (MJ/m2)

S A A o A EVA_ATH_25kW/m2

----- EVA_ATH_35kW/m2
20 -
----- EVA_ATH_50 kW/m2

10 4
————— EVA_ATH_75 kW/m?
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Figure 54. Total heat release as a function of toh&VA and EVA/ATH (MLC - 25, 35, 50,
75 kKW/m?2)

Moreover, the EVA and EVA/ATH THR curves exhibijuamp in slope shortly after ignition.
According to Zanetti et al**the slope of the THR curve can be considered @esentative
of the flame spread of the material. Given that jtimaps in the slopes of the EVA THR
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curves are steeper than those of EVA/ATH, it cam$sumed that the flame spread of EVA

during a fire incident will be greater than thatE¥A/ATH. The mass losses of EVA and
EVA/ATH at 25, 35, 50 and 75 kW/m? are shown atuFég 55 and residues of EVA/ATH at
56. It can be observed from the latter that theAES@mples leave no residue after the fire

tests, whatever the heat flux, which explains wihyhe THR measured for EVA are constant
in value. The quantities of degraded EVA/ATH matkron the contrary, increase in line with

the heat flux (Fig. 55 and 56) and the correspandiHR also increases concomitantly with

the amount of material burned.
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Figure 55. EVA and EVA/ATH mass loss curves (MR, 35, 50, 75 kW/m?)
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Figure 56. Residues of EVA/ATH (MLC - 25, 35, BkW/m2)
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1.3 Critical heat flux of EVA and EVA/ATH

Critical heat flux (CHF) represents the maximumthesgiow which ignition of a material will
not be triggered. It can be evaluated by usinglithear relationship between, tand the
irradiative heat fluxes, as reported by MikditdKallonen!** Jansens® etc.The correlation
between;§ and applied heat flux depends on whether a matsrensidered to be thermally
thick, i.e. with a temperature gradient betweersitdace and interior, or thermally thin, i.e.
whose thickness is typically less than 1 - 2 MfiThe respective correlations are given

below:

- Using the thermally thin approach, the externalt Hee is a linear function of the
inverse of it (equation 9):
tig_l: f (Qex) (8)

- With the thermally thick approach, external heakfis a linear function of the inverse

of the square root oft(equation 10):

tig_ll2 = f(Qexd 9)

The CHF is then deduced by the absolute valueeoirtersection of the straight line with the
x-axis (heat flux axis). This is also equivalenthe ratio between the intercept of the straight

line with the y- axis (Vrercep) @and the slope (a) of the affine function (Equatd.).

CHF = Yintercept @ (10)

The sample plates of EVA and EVA/ATH used for thhesent study have a thickness of 4
mm and can therefore be considered as being thigrthadk. The variations of the inverse of
the square root ofgtas a function of the heat flux (thermally thiclsasption) for EVA and
EVA/ATH at 35, 50 and 75 kW/m? are plotted at F5g.
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Figure 57. Inverse of the square root of time taitign versus applied heat flux for thermally
thick behaving EVA and EVA/ATH (MLC- 25, 35, 50kW§m?)

Application of equation 10 gives 9.6 kW/m2 for EVand 13 kW/m2 for EVA/ATH.
Delichatsios has moreover demonstrated that refolts experimental data represent only
64% of the CHF, owing to the loss of irradiancehat sample surface during the fire t84t.
Hence, using the Delichatsios approximation, thd=@HEVA and EVA/ATH are estimated
at 15 and 20 kW/mz respectively. This means thdeua constant heat flux15 kW/mz2, the
EVA plate would not induce a piloted ignition, wdiEVA/ATH would not induce piloted
ignition under a constant heat flux 20 kW/m2. It is worth noting that, according to
Spearpoint and Quinteré®the experimental intercept data should represépt 8f CHF.
Nevertheless, in this study, only the Delichatapproximation (64%) is considered as it is
the more widely applied according to the literatdneaddition, the sample plates of EVA and
EVA/ATH at 15 and 20 kwW/mz respectively have beested with no piloted ignition reported

after 20 min of exposure.

It is worth noting that thegtdata at 25 kW/m2, particularly for EVA (and EVA/ATfor
homo, was not here taken into account when det@mgthe CHF. In fact, if thegtof EVA at
25 kKW/m2 (precisely 816 s or approximately 14 mxonsidered, the deduced CHF is 2

kW/mz2, which is not realistic. Furthermore, accogiito Tewarsori*’if a material is not
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ignited after being exposed to a constant heat fitux10 min, its it may be considered as
infinite, which would not tally with any calculaticof the CHF from the experimental data.

1.4 Effective heat of combustion of EVA and EVA/ATH

The effective heat of combustion (EHC) is closedgariated to the heat of combustion of the
gaseous fuel released during thermal decompositianaterial. It can be calculated as the
ratio between the heat release rate and the massrdte per unit of area, as expressed in

equation 12.
EHC = HRR/SMLR (11)
Where SMLR represents the specific mass loss ratess loss rate per unit of area

EHC is generally constant for a material undergdiagning combustion. It is not expected to
be scale-dependent and is of frequent value aspar data for computational fire modelling
as it enables simulating mass loss with generaead of combustio™® Nonetheless, it is
worth recalling that the EHC derived from mass losse data does not correspond to the
Gross heat of combustionKc) from the oxygen-bomb calorimeter. EHC will &t always

be lower tham\Hc because the thermal decomposition of a materalreal fire situation can

be associated with incomplete combustion.

Instantaneous EHC values (from ignition to flamé) @i EVA at 25, 35, 50 and 75 kW/m?
are estimated and the plotted results are fourkdgab8. For all heat fluxes, the ECH drops
spontaneously at ignition before oscillating aroumdylobally constant value during the
flaming phase and then rising, shortly before flamng as a result of the decreasing MLR,
which leads to a high EHC value. The calculatediemlfor the average effective heat of
combustion (AEHC) are 30, 28, 25 and 26 MJ/kg at3H 50 and 75 kW/mz2 respectively.
This is equivalent to an overall average of 27 MJ>kg. At 25 kW/m2, a very prominent
shoulder of EHC is observed shortly after ignitioraching a peak of 37 MJ/kg. This
shoulder appears to substantiate the sudden retdagaseous fuel trapped in the char, as
discussed beforehand. This phenomenon was not eovadserved at 35, 50 and 75 kW/m?2
due to the melting of EVA at these heat fluxes ilegqutio a pool fire.
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Figure 58. Effective heat of combustion of EVA (MLZ5, 35, 50, 75 kW/m?2)
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In the EVA/ATH case, a drop in EHC is again obsdraeignition, followed by stabilization
during the flaming phase (Fig. 59). The calculata&HC yields 18, 18, 20 and 19 MJ/kg at
25, 35, 50 and 75 kW/mz respectively, giving anrage overall of 19 + 1 MJ/kg.
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Figure 59. Effective heat of combustion of EVA/AWVHC - 25, 35, 50, 75 kW/m?2)
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The flammability parameters (THR, CHF and AEHC)leated at four different heat fluxes
lead to the observation that EVA/ATH exhibits lowBHR, AEHC and a reduced flame
spread in comparison to neat EVA. The EVA and EVRAflammability parameters are
brought together in Table 6. These parameters@arsistent with a high loading of ATH in
the EVA material and a resultant reduction in thrant of hydrocarbons.

Table 6. Flammability parameters of EVA and EVA/ATH

THR (MJ/m?) CHF (kW/m?) AEHC (MJ/kg)
EVA 75+ 2 15 2743
8 (25 kw/m?)
17 (35 kW/m?)
EVA/ATH 53 (50 kW/m?) 20 191
58 (75 KW/m?)

2 Heat flux effect on the gas quantitative analysesef EVA and
EVA/ATH fires

Quantitative analysis of evolved gases in smokeriges additional data relevant to the
investigation of the fire behaviour of material$. i$ of interest for understanding the
decomposition mechanisms of materials and provideEgmation on eventual toxicity of
their gaseous effluents. This section will focustioa effects of heat flux (25, 35, 50, and 75
kW/m?2) on the quantification of evolved gases dgrranfire of EVA and of EVA/ATH cable
material. The correlation between the quantitatarealysis of the main gases and the
measured HRR is also examined. Similarly, the yped gram of the main gas species in the
smoke released as a result of EVA and EVA/ATH deégtian is also calculated and
discussed in relation to the heat flux variationd the addition of ATH.

2.1 EVA at 25, 35, 50 and 75 kW/m?

Results of the quantitative analysis of evolvedegaas well as the HRR measurements
obtained during the fires of EVA at 25, 35, 50, &%kW/m? are plotted in Fig .60 - 63. The

experiments can be divided into three main stafjes.first stage (1), covers the period from

the start of the test to ignition, the second (@t ignition to flame out and the third (3) the

period following flame out. It is noteworthy that the case of neat EVA no gases were
observed during the third period as EVA leaves egdue. Moreover, the total gas release
(CH3COOH, GH4, CH,, CO, CQ and HO) at different stages of the EVA fires at 25, 36,

and 75 kW/m?2 (by integrating gas quantitative cej\ae presented in table 7.
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During the first stage (1), there is a significeglease of CECOOH (111856, 2606, 3662 and
3175 ppm at 25, 35, 50 and 75 kW/mz?) which repre88fo, 64%, 69% and 70% of the total
release at 25, 35, 50 and 75 kW/mz2 respectiveli, (5005, 181, 319 and 299 ppm) andCH
(8151, 694, 908 and 967 ppm) at 25, 35, 50 andWHBTR respectively are also present. The
measured concentrations of £@O, HO are low compared to those measured during stage
2 (Fig. 60 - 63 and table 7).

Stage 2 is characterized by an increase in HRR, iaoekased concentrations of €O
(2692808, 2980369, 2804253 and 2344824 ppm), CO3(B272869, 71030 and 60515 ppm)
and HO (3064778, 4060639, 4048600 and 3478300 ppm) aB2550 and 75 kW/mz?;
whereas there is a significant reduction ofsCBOH and GH,4during this combustion stage
(Table 7). In the latter case, ¢ldmission decreases locally at ignition and reaspleaefly

in the smoke at 35, 50 and 75 kW/mz2, probably beea the pool fire of molten EVA given
that a recurrence of CHis not observed at 25 kW/mz (Figures 60 - 63).eNbiat the highest
percentage of C}COOH (64 - 98%) and £, (92 - 97%) generation from the EVA fires
occurs during stage (1) and this for all of thethkax cases. For CE CO and HO, the
highest percentage release is during stage 2 (Tablepresenting more than 94%. For £H
the percentage release at 25 kW/mz2 is 93% duragest, this being due to the formation of a
carbonaceous layer; while at 35, 50 and 75 kW/®% 60% of CH is released during stage

2, or when the pool fire of molten EVA occurs.
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Figure 60. HRR and concentration of gases for EMAG/FTIR - 25 kW/m?)
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Figure 61. HRR and concentration of gases for EMAG/FTIR - 35 kW/m?)
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Figure 62. HRR and concentration of gases for EMAG/FTIR - 50 kW/mg?)
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Figure 63. HRR and concentration of gases for EMRQ/FTIR - 75 kW/m?2)
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Total gas concentration of EVA fires at 2% 50, 75 kW/m?

Heat fluxes ) )
(KW/m?) 25 kW/m 35 kW/m 50 kW/m? 75 kW/m?
CH3COOH (ppm)
Part 1 111856 (98 %) | 2606 (64 %) 3662 (69 %) 3175 (70 %)
Part 2 528 (2 %) 1467 (36 %) 1511 (31 %) 1361 (30 %)
Total 113928 4073 4873 4536
CoHy4 (ppm)
Part 1 5005 (97 %) 181 (94 %) 319 (90 %) 299 (92 %)
Part 2 144 (3 %) 49 (6 %) 36 (10 %) 26 (8 %)
Total 5149 230 355 325
CH, (ppm)
Part 1 7557 (93 %) 278 (40 %) 390 (43 %) 406 (42 %)
Part 2 594 (7 %) 416 (60 %) 518 (57 %) 561 (58 %)
Total 8151 694 908 967
CO2(ppm)
Part 1 54934 (2 %) 30105 (1 %) 28326 (1 %)| 54785 (1 %)
Part 2 2692808 (98 %) | 2980369 (99 %) 2804253 (99 P6) 234489 %)
Total 2746743 3010474 2832579 2399610
CO (ppm)
Part 1 9126 (10 %) 3036 (4 %) 3738 (5 %) 2521 (4 %)
Part 2 82137 (90 %) 72869 (96 %) 71030 (95 % 60515%96
Total 91263 75905 74768 63036
H20 (ppm)
Part 1 30954 (1%) 41015 (1%) 40892 (1%) 35130 (1%)
Part 2 3064778 (99 %) | 4060639 (99 %) 4048600 (99 Do) 340890 %)
Total 3095732 4101654 4089492 3513430

With regard to the quantitative analysis of theegas phase for EVA at different heat flux
levels (25, 35, 50 and 75 kW/m?2), the followingtgacan be reported:

()

Upon heating and prior to the ignition of EVA, th&in gases detected in the

smoke are CRCOOH, CO, CH and GH4. CH;COOH, which is produced from
the deacetylation of the vinyl acetate group, &shighest concentrations and its
peaks (238, 263, 280 and 348 ppm at 25, 35, 507&8&W/m?2 respectively)

increase as a function of the heat flux (Fig. 6Mpreover, the persistence of

CHsCOOH in the smoke is noticeably longer as the hiéat is lower

corresponding to the time of ignition (Fig. 64).thva conspicuous difference at
25 kW/mz2 as compared to 35, 50 and 75 kW/mz.
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Figure 64. Heat flux effect on the peaks and doratf CHCOOH release during EVA fire

(i)  During the combustion stage, the more concentrgésds in smoke are@, CO,
and CO; the maximum concentration levels of thesseg are in line with the
peaks in the HRR (Fig. 60 - 63). Moreover, no digant difference is observed
in either the concentration or duration of £QO and HO release during the
burning phase of EVA (Fig 60 - 63), mostly at 3 &0 kW/m2. It appears
globally that the emission (duration and conceitrgtof CQ,, CO and HO is
governed more by the flaming period than by thet Hieex applied for the
specific fire scenario. It is nonetheless notewpttiat the onset of the flaming
period and the subsequent drop off in OO0 and HO release occur sooner
when the heat flux is increased. In summary, dutimg EVA combustion
process, the level of heat flux has impact effactttte kinetics leading to the
spontaneous increase of @O and HO, without altering significantly the
range of concentration or the release duratiomede gases, as is clearly seen in

Figures 60 - 63 and table 7.

A time quantification of the gas species during EMA/ATH fires at 25, 35, 50 and 75

kW/m2 was also conducted. The results are predeme discussed in the next section.
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2.2 EVA/ATH at 25, 35, 50 and 75 kW/m?

The main gases identified are® CQ,, CO, CHBCOCH;, CH;COOH, CH, and GH,4. They
are quantified in the smoke generated during ties fat 25, 35, 50 and 75 kw/mz (Fig. 65 -
68). As with EVA, the charts at figures 65 - 68 dngded into three main parts. The first part
(1) consists of the period from the start of the te the piloted ignition, the second (2) from
ignition to flame out and the third (3) from flamet to 120 s after fire extinction, owing to
the continued smoldering of EVA/ATH residue. Thaata@oncentrations of the gases released
during each of these parts is also calculatedhiffites at 25, 35, 50 and 75 kW/mz2 and all of
the results listed in table 8.

During part 1 of the EVA/ATH thermal decompositidhere is significant release of,®l
(392495, 200474, 46630, 37578 ppm) and, (3B158, 66087, 5895, 5732 ppm) at 25, 35, 50
and 75 kW/mz2 respectively. There is also a sigaiftcrelease, at 25 and 35 kW/m?
respectively, of CO (26479, 162ppm), whereas the CO release during the fires ain8075
kw/mz2 is rapid but slight: 4236 and 3613 ppm. Indiddn, competitive release of
CHsCOCH; (1191, 631, 205, 119pm) against that of GGEOOH (2700, 373, 224, 151 ppm)
is observed at 25, 35, 50 and 75 kW/m?2 respectivell, and GH, are also present in
concentration magnitudes of between 100 and 1060 @&y and HRR exhibit low values as

compared to those subsequently measured during)art

Part 2 is characterized by an increase in HRR aakased concentrations of £(313553,
311553, 2829129, 2694068 ppm) angDH507935, 588057, 4523139, 3644998 ppm) at 25,
35, 50 and 75 kwW/m?2 respectively; while those of;CB0OH, CH, CH, and CO drop
rapidly at 25 and 35 kW/mz2. At 50 and 75 kW/mz2réhis on the contrary a recurrence of CO,
CH; and GH4 in the smoke (Fig.67 — 68). It is worthy of not®mover that CECOOH
disappears entirely during all the heat flux tegitereas CBCOCH; continues to be released
proportionally to the heat flux increase (1395, 362415 and 9955 at 25, 35, 50 and 75
kW/m? respectively (cf. Fig. 65 - 68).

During the final stage (part 3), the concentratioh€0, CH, and GH, increase once more in
the tests at 25 and 35 kW/m?2 (Fig 65-66) due tostheldering of EVA/ATH residue, while

at 50 and 75 kW/m?, CO, Gknd GH4 decrease eventually because of the lack of fugl (F
67 - 68).

110

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Franck Estimé Ngohang, Lille 1, 2014

-p» Piloted ignition

~p  Flame out
1 2 3
6000 50 50 400
l EVA/ATH _ 25 kW/m?2 | |
5000 I
40 =~ |40
1 g_ - 300
S £
£ 4000 - _ S
g ] L3005 (30 5[ g
g At
3000 - : : - 200 ¥
O T I
) 1 L20 Y |20 ol @
2000 & I 5
- 81 O g
1 @) ~100 O
000 -10 T |10 @)
1 N LS PSR, | O L
- \vw\——w- I
(o e e e — 0 Lo Lo
o 100 200 300 400 500 600 700
Time (s)
Figure 65. Gas quantitative analysis and HRR of EATA fire at 25 kW/m?2
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Figure 66. Gas quantitative analysis and HRR of EATA fire at 35 kW/m?2
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Figure 67. Gas quantitative analysis and HRR of VA fire at 50 kW/m? (§,)
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Figure 68. Gas quantitative analysis and HRR of EATA fire at 75 kW/m?2
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Table 8. Total gas concentration of EVA/ATH fire2%, 35, 50, 75 kW/m?2

25kWw/m2 | 35kw/mz | s0kw/m2 | 75 kw/m?
CH3COOH (ppm)
Part 1 2700 (90 %) 373 (93 %) 224 (91 %) 151 (94 %)
Part 2 - - - -
Part 3 299 (10 %) 28 (7 %) 22 (9 %) 10 (6 %)
Total 2999 401 246 161
CH3COCH; (ppm)
Part 1 1191 (41 %) 631 (21 %) 205 (2 %) 110 (1 %)
Part 2 1395 (48 %) 1623 (54 %) 9415 (92 %) 9955 (91 %
Part 3 320 (11 %) 751 (25 %) 614 (6 %) 875 (8 %)
Total 2906 3005 10234 10940
CoH4 (ppm)
Part 1 845 (51 %) 352 (17 %) 212 (4 %) 193 (20 %)
Part 2 116 (7 %) 124 (6 %) 3924 (74 %) 376 (39 %)
Part 3 695 (42 %) 1595 (77 %) 1167 (22 %) 395 (41 %)
Total 1656 2072 5303 964
CH, (ppm)
Part 1 1672 (54 %) 730 (21 %) 229 (4 %) 190 (19 %)
Part 2 108 (3 %) 139 (4 %) 4341 (76 %) 360 (36 %)
Part 3 1319 (43 %) 2606 (75 %) 1142 (20 %) 450 (45 %)
Total 3099 3475 5712 1000
CO; (ppm)
Part 1 56158 (12 %) | 66087 (14 % 5895 (0.2 % 5732 (0.2 9
Part 2 313553 (67 %)| 311553 (66 %) 2829129 (96 %)  2694088%)
Part 3 98278 (21 %) | 94410 (20 % 11986 (3.8%) 166229 {6)8
Total 467989 472050 2947010 2866030
CO (ppm)
Part 1 26479 (34 %) | 16278 (20 % 4236 (2 %) 3613 (2 %
Part 2 10125 (13 %) 8953 (11 %) 175796 (83 %) 146314%81
Part 3 41273 (53 %) | 56159 (69 % 31770 (15 % 30708 (17 9
Total 77877 81390 211802 180635
H0 (ppm)
Part 1 392495 (34 %)| 200474 (15 %) 46630 (1%) 37578 (1 %
Part 2 507935 (44 %)| 588057 (44 %) 4523139 (97 %)  3644998%)
Part 3 253967 (22 %)| 547962 (41% 93261 (2 % 75154 (2 %
Total 1154397 1336493 4663030 3757730

Drawing on the results of this quantitative anaysf the gaseous phase of the EVA/ATH

fires at four externally applied heat fluxes (25, 80 and 75 kW/m?), the key point to report

are that:

(i) During the fire process of EVA/ATH, the highest centration exhibited in the

gas phase is that of,8 (dehydration of ATH). It is present in the smake

significant concentrations, not only during the darstion phase but also from the

early stages of thermal decomposition for 25 andk88m?2 heat fluxes, which
also concurs with the delayed times to ignitionl(4hd 179 s at 25 and 35 kW/m?

© 2014 Tous droits réservés.
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against 75 and 43 s at 50 and 75 kW/m?2 respecjivatyregard to the CO
quantification at 25 and 35 kW/m?2, this gas is higtoncentrated in the smoke
prior to ignition and during the smoldering phafeEYA/ATH; however its
concentration drops to a low level during the bagnphase (Fig. 65 - 68). For 50
and 75 kW/mz2 almost all the CO is observed durhmgftaming process. This is
notably to the contrary of the EVA case, where ¢bacentrations of CO were
very low before ignition but then more significahiring the burning phase (Fig.
60 - 63 and Table 7). Furthermore, the concentratad HO and CQ increase as
a function of heat flux, with a significant differee between the levels measured
during the fires at 25 - 35 kW/m2 and at 50 —75 R\#//(Table 8), the amount of
degraded EVA/ATH being proportional to the heakfllihis was not observed in
the case of neat EVA where the concentration peak3O,, CO and HO were

not particularly influenced by the applied heakflu

(i) The total disappearance of gEOOH and the persistence of gFHOCH; during
the flaming phase of EVA/ATH (Fig 65 - 68) are alsorth reiterating. This
result emphasizes that competitive release bet@@®COOH and CHCOCH;
favors the release of GHOCH; rather than CECOOH. It would seem that the
increase in temperature promotes the catalytic ceffef Al,O; in the
transformation of CBCOOH to CHCOCH;. This may be ascribed to the fact that
the activation energy (Ea) of GEOCH; release during thermal decomposition of
EVA/ATH (Ea = 3.45 x 18J/mol) is higher than that of GHOOH release (Ea =
1.69 x 16J/mol)***

3 Gas species yields in the smoke of EVA and EVA/AT fires at
different heat fluxes

The proposed experimental bench test has the ayaof allowing simultaneous monitoring
of evolved gas concentrations and mass loss rategdMLC tests. The yields of the different
gases emitted in the smoke from the fire of a givexterial can therefore be calculated.

The yield ¥ of gas i by gram of mass loss of samplég{gnpid in the smoke of a fire of
material can be calculated as the ratio of the flagsrate of the gas species i;jrand the

mass loss rate (MLR) of the sample subjected torthedecomposition (Equation 13).
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Yi=m/MLR (12)

The mass flow rate (inis determined by the product of the concentratibspecies i (¥, the
volumetric flow rate of the gas phase in the exhdine (Ve and the molar mass of the

species (N); divided by its molar volume (Y as written in Equation 14.

m; = XiVeMi/Vm (13)

With
Vm=RT/P (14
Where R is the universal constant of perfect ga@8@D6 L.atm/mol.K), T the temperature in

Kelvin (K) and P the pressure of the gas mixturthaanalysis system in (atm)

The yields of CHCOOH, CQ, CO, and HO in the EVA and EVA/ATH smoke during the
fire tests at 25, 35, 50 and 75 kW/m? are showncamapared at Fig. 69 - 72. It is noteworthy
that the yield of CBICOOH at 25 kW/mz2 is 1.9@scooH/Jeva Whereas it is only 0.3, 0.2 and
0.1 GrscooHGeva at 35, 50 and 75 kW/m2 respectively (Fig 69). Tieisult confirms that the
quantity of CHCOOH (detected in the smoke at low heat flux (25/fi)) is significantly
reduced as thermal stress increases (35, 50 ak@/f82). It also illustrates that the potential
hazardous effect of GJEOOH (irritation, burns, etc.) as a fire efflueritEVA are higher
when the heat flux is low (25 kW/mz2 vs 35, 50 aBkW/m?2).

For EVA/ATH, the CHCOOH yield is very low (around 10 gcrcoor/Qevaath), Whatever
the heat flux (Fig. 69). This is consistent withoav proportion of EVA in the EVA/ATH
formulation and the transformation of gEODOH to CHCOCH;, as previously reported.
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Figure 69. Yields of C&COOH in EVA and EVA/ATH smoke

(MLC/FTIR - 25, 35, 50, 75 kW/m2)

The CQ yield of EVA is calculated at approximately 2.do@geva at 25 kW/m?2 and around
6.5 G¢of/geva at 35, 50 and 75 kW/m2 (Fig. 70). The yield of {i®the smoke per gram of
degraded EVA is therefore considerably lower atk®¥m?2 than at 35, 50 and 75 kW/mz?
where the calculated yields are quite similar. Tdveest value of C@yield, at a heat flux of
25 kW/mz2, can be attributed to the formation ofbceraceous char hindering a complete
combustion reaction. On the other hand, at 35,sD7b kW/m?2, there is no char formation

and complete combustion of the molten EVA or a giwelis observed.

For EVA/ATH, the yield of CQincreases with the heat flux (Fig. 70) with valuwés2.30,
2.65, 5.13, and 5.55¢cg/gevaatn Calculated for heat fluxes of 25, 35, 50 and 75/k¢V
respectively. The higher GQields of EVA for EVA/ATH can be explained by tlfect that
the proportion of hydrocarbons is lower in the EXAH formulation than in pure EVA.
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Figure 70. Yields of C&n EVA and EVA/ATH smoke (MLC/FTIR - 25, 35, SkW/m2)

Concerning CO vyields in EVA and EVA/ATH, the calatdd values are in the order of10
Oco/Gsample(Fig. 71). For EVA they are 0.36, 0.18, 0.15 an#l40g-0/geva, With yields
decreasing as the heat flux increases. In the EVA/Base, the yields are 0.12, 0.29 0.65 and
0.72 ¢o/gevaath, the increasing values corresponding to heat fhereases. These results

indicate higher CO vyields for EVA/ATH than for EVAyith the exception of the fire tests

conducted at a heat flux of 25 kW/m2. It wouldréfere appear that both the addition of

ATH in EVA and the level of the heat flux play dean augmenting CO yields during the
thermal decomposition of EVA/ATH. This may be abed to the fact that the highest
concentrations of CO in the EVA/ATH smoke are ditécfor the most part, before ignition
and during smouldering of the EVA/ATH residue (FE§ - 68), when the MLR is low, in

which case the ratio of mass flow rate of CO obher MLR naturally leads to relatively high
values.
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Figure 71. Yields of CO in EVA and EVA/ATH smokkeQIFTIR 25, 35, 50 75 kW/mg?)

The yields of HO resulting from the EVA and EVA/ATH fires at 255,350 and 75 kW/m?
are plotted at Fig. 72. Except for the test at ®Frk?, i yield of HO in the EVA/ATH fire
smoke are noticeably higher than those of neat EVAis can be explained by the

endothermic dehydration of ATH in the EVA/ATH masdr which releases significant
amounts of water.
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Figure 72. Yields of pO in EVA and EVA/ATH smoke (MLC/FTIR - 25, 35,70kW/m2)
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4 Effect of heat flux on the particles in the smokdrom the EVA and
EVA/ATH fires

Besides investigation of the gas phase of EVA axéd/BTH fire, the size distribution and
concentration of particles out of the flame wersoaéxamined in relation to different heat
fluxes to assess whether thermal aggression (lressy and/or the addition of ATH have a

significant impact on the data obtained from p&t@nalyses.

Comparisons of the size distribution and numbepaoficles per cfhin the smoke generated
by fires of EVA and EVA/ATH at 25, 35, 50 and 75 kW is provided in Fig.73 - 76. The
main observation drawn for both materials (EVA aBYA/ATH) is that the highest
concentrations in number per tare of ultrafine, followed by fine particles, tHiging the
same for all of the heat flux tests. These resudtdirm that the size range of particles in the
fire smoke of these two materials is essentiallyjnohated by particlest 1um. During the
dynamic process of fire combustion, particles atelized by Q and OR radicals. @ can
provoke particle oxidation, causing the break-uppeafticles, while Ol diffusing at the
particles’ surface can break-down particle aggesgaand hence reduce particle size.
Moreover, varying the applied heat flux has no igicgent effect on the particle size range in
the smoke, which remains predominantly comprisedutdmicron particles during all EVA
and EVA/ATH fire tests.
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Figure73. Particle size distribution and number EWA and EVA/ATH

(MLC/ELPI - 25 KW/m2)
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EVA vs EVA/ATH 35 kw/m?
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Figure 74. Particle size distribution and number E&/A and EVA/ATH
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EVA vs EVA/ATH 75 kW/m?
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Figure 76. Patrticle size distribution and number E&/A and EVA/ATH

(MLC/ELPI - 75 kW/m?)

Not with standing, analysis of the results on pt< 1 um at 25 and 35 kW/m? |leads to the
observation that the concentration of particteS4 nm is higher in the EVA/ATH smoke
than in that of EVA (the exception being for padgof 16 nm). For particles 93 nm, the
concentrations detected in the EVA smoke are higfinen those of EVA/ATH (Fig 73 and
74).0n the other hand, at 50 and 75 kW/m?2, the muirob particles is observed to be higher
in the EVA case than for EVA/ATH for all particlegzes from 16 nm and above (Fig 75 and
76). Finally, a noticeable difference between the materials is the emission of particles of 6
nm as can be clearly observed in all four heat tests (at 25, 35, 50 and 75 kW/m?2) these
particles are only emitted in the EVA/ATH case aeder for EVA. This indicates that ATH

is the emission source of these nanometric-siziécies results.

5 Conclusion

The focus of this chapter has been on the study tim effects of heat flux on the fire
behaviour characterization of EVA and EVA/ATH usinghe combination of
MLC/FTIR/ELPI. The first highlight was the utilitpf the simultaneous Gram Schmidt and
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mass loss rate results from the MLC/FTIR bench reestigate the fire behaviour of
materials. Empirical evidence of the delay in @bbignition of neat EVA in comparison to
EVA/ATH at 25 kW/m2 was provided for the first tim@his delay is imputed to the
formation of char on the EVA surface, protecting thaterial and decreasing the MLR. The
flammability parameters including THR, CHF and Ek@re calculated at different heat
fluxes for EVA and EVA/ATH. The emphasis of thessults is that the different heat fluxes
have no impact on the THR of EVA, which remainsstant because the material is totally
consumed after the flaming phase of combustion. ther EVA/ATH formulation, THR
increases with the heat flux; moreover, the addiob ATH in the EVA formulation leads to
lower values of THR, and EHC. The latter is asdib®the endothermic dehydration of ATH
and the formation of a ceramic layer of,®%in condensed phase. During the third stage of
the study, concerning the effects of heat fluxtm quantitative analysis of evolved gases, the
persistence of C¥COOH in the smoke generated by the EVA fire waswshto be more
significant at 25 kW/m? than at 35, 50 and 75 kW/hni being due to the kinetics of the VA
deacetylation. However, in respect of the quardifan of CQ, H,O and CO released during
combustion of neat EVA, it was remarkable that toacentration of these gases and the
duration over which they were generated were neatly affected by the variation of the
external heat flux. The release of £®,0 and CO would appear to be essentially governed
by the flaming phase. For EVA/ATH, a noteworthyulesvas that the concentrations of
and CQ augment with the applied heat flux, the amount daiterial degraded being
proportional to the external heat flux. In additiéhO is present in significant quantity in the
smoke, not only during the flaming phase, but alsmm the early stage of thermal
decomposition of EVA/ATH. Quantitative analysistbé gaseous phase has moreover shown
a shift from CHCOOH to CHCOCH; evolution for EVA/ATH, which is attributed to the

catalytic effect of AJO;promoting the formation of acetone.

In relation to the gas species yields, the redubis the EVA fire tests have confirmed that
the quantity of CHCOOH in the smoke is greater when EVA is degradetbwer ( 25

kW/m?) rather than higher heat flux (35, 50 andk¥8/m?). In the case of CO, the results
revealed that EVA/ATH yields higher quantities thaeat EVA. Moreover, the highest
concentrations of CO released by the EVA/ATH sampdee generated before ignition and
during the smouldering phase, while for the neatAEXZO concentrations were, on the
contrary, very low before ignition and more sigeafint during the combustion phase. Finally,
analysis of the size distribution and concentratodrparticles in the smoke revealed that
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particles< 1 um exhibit the highest concentration in all fegplied heat flux test cases for
the EVA and EVA/ATH reference materials. Nonethg)dhe more ultrafine particles (those

of 6 nm) were solely detected in the EVA/ATH smoke.

This investigation highlights the advantages of bonmg the MLC/FTIR/ELPI techniques to
characterize how a material would behave in a thestress situation. For EDF R&D, the
current objective is to evaluate the fire hazarti®lectrical cables intended for use in its
facilities by extending the knowledge of their flavability parameters, evolved gases and
particles emitted in the smoke generated by aofieable material. To obtain additional input
data, electrical cables should be evaluated wighdiveloped MLC/FTIR/ELPI bench. This

will be dealt with in the next chapter.
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CHAPTER 5: MLC/FTIR/ELPI APPLIED TO THE CASE OF A
HALOGEN FREE FLAME RETARDANT ELECTRICAL CABLE

The MLC/FTIR/ELPI combination is proposed for use the characterization of
electrical cables, since the latter represent alrf@0% of potential combustible fuel in EDF
NPP localization compartments. A Halogen Free Fl&atardant electrical cable (hereafter
referred to as HFFR cable) intended for use in generation EDF NPPs is therefore tested
in the MLC/FTIR/ELPI. Background material and aatission of the test and the results

obtained are presented in this chapter.

1 Halogen Free Flame Retardant electrical cable

HFFR electrical cable is mainly comprised of aneowtind internal sheath, three insulators
and metallic conductors (Fig 77). Details of theggpbal and chemical characteristics of each
of the HFFR cable component parts are providedabld 9, bearing in mind that the strict
formulation of electrical cable coverings and irasais is kept confidential. The raw materials
data reported in Table 9 are taken from the liteedf?

Conductor @
@
Outer sheat@

Insulation
Internal
™ sheath

Figure 77. Architecture of the halogen free lowtage electrical cable

Table 9. Characteristics of the halogen free lowtage electrical cable

density | thickness
HFFR cable % mass¢ compounds 5

(kg/nT) (mm)
Outer sheath 42 EVA, ATH,
Intern sheath 26 EVA, ATH; 1788 10

insulation 10 EVA and or PE
conductors 22 Copper
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© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Franck Estimé Ngohang, Lille 1, 2014

With ¢ : cross-linked poly-acrylic acid or anionic accypolymer and PE: polyethylene

To obtain more information about the HFFR cableyiio-gravimetric analyses of the outer
and internal sheaths as well as the insulators perfermed (TGA 10 °C/min under air). The
results reveal that each component of HFFR cable it own unique formulation,
demonstrated by their distinctive TGA profiles abitained under the same conditions (Fig
78). The internal sheath is slightly more refragttivan the outer (respective residues of 45
and 41% at 800 °C), while the insulators exhibresidue of 5% at identical temperature.
Based on the residue, it would appear that thenatesheath contains more ATH or other
synergistic components than the outer sheath amdthie insulators do not contain flame
retardants. The latter is consistent with the faat HFFR cable insulators should not contain
ATH because this mineral filler is a conductor tdatricity and could therefore disturb the
basic function of the electrical cable. Note tiit main objective of the present analysis was
to underline the heterogeneity of the HFFR cabighllghting the importance of analyzing
entire sections of this material to obtain a maecise characterization of its parameters in a

fire scenario.

100

90

80
—External sheath

~
o

—Internal sheat

[o2]
o

S .
= Insulation
5 50
(V)
=

40

30

20

10

0
0 100 200 300 400 500 600 700 800

Temperature®C)

Figure 78. Thermo-gravimetric analysis of HFFR alayers (10 °C/min under air)
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2 Characterization of HFFR cable fire behaviour wih
MLC/FTIR/ELPI

The fire behavior characterization of HFFR cablengisthe coupled MLC/FTIR/ELPI

technique follow the same three-step approach itbestn the preceding chapters 3 and 4:

(i) Determination of flammability parameters (HRR, THR, CHF, EHC)
(i) Analysis of evolved gases (qualitative anchgtitative)

(iif) Analysis of smoke particles (size distribari and concentration).

Eight samples of 9.8 cm long HFFR cable (Fig. 78hw& mass of almost 132 + 3 g are tested
under experimental fire simulation at heat fluxé2®, 35, 50 and 75 kW/mz2. The results are

discussed in the next few sections.

Figure 79. Sampling of HFFR electrical cable beftre MLC/FTIR/ELPI fire test

2.1 Evaluation of the Halogen Free Flame Retardantable flammability
parameters

HRR, ty and flame oubf an HFFR cable during fire tests at 25, 35, 50 @& kW/m? are
presented at Fig. 80. For each heat flux, ther@ shoulder in the HRR close to ignition,
followed by stabilization throughout the flamingopess and then finally a second peak
before the HRR decreases. Theiricreases as a function of the heat flux wherétRR is
seen to remain within a narrow range, at around+L20 kwW/mz, in tests performed at 25, 35,
50 and 75 kW/mz2.¢ aside, it can be concluded that the pHRR of HFERIec is not
significantly affected by external heat flux; howewhe duration of the fire phenomenon,
from ty to flame out, decreases as heat flux increasés:46} 34, and 28 min at 25, 35, 50,

and 75 kW/m?2 respectively.
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—— 25 kW/m2[t, 860 s, flame out 3658]
— 35 kW/m2[{, 343 s, flame out 2708]

50 kW/m2 [t; 200 s, flame out 2999]
75 kW/mz [, 58 s, flame out 1743]

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)

Figure 80. HRRs of HFFR cable (MLC - 25, 35, 50kV&/m?)

The THR values of the HFFR cable at 25, 35, 50 &dW/m? are shown at Fig. 81. It is
noteworthy that the THR (126 £ 2 MJ/m2) does nttrahs a function of heat flux variation.

This is consistent with the fact that the measuotdl mass loss values of the HFFR cable
during tests at 25, 35, 50 and 75 kW/mz2 are sinffigg 82). This was notably not the case
with EVA/ATH where, on the contrary, both the amboh material degraded and the THR

were observed to increase as the heat flux wasased. The HFFR cable residues after tests
at 25, 35, 50 and 75 kW/mz are illustrated in B8. The main difference observed is in the

cohesion of the cable residues.
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Figure 81. Total heat release of HFFR cable (MLAOR/ELPI - 25, 35, 50, 75 kW/m?)
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Figure 82. Mass loss of HFFR cable (MLC/FTIR/ELR5; 35, 50, 75 kW/m?2)
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25 kW/m?2 35 kW/m?2 50 kW/m?2 75 kW/m?2
= TN PR %

Figure 83. Residue of HFFR cable (MLC/FTIR/ELPB; 35, 50, 75 kW/m?2)

In addition, the CHF of the HFFR cable was cal@adaising the thermally thick assumption,
since electrical cable is considered to behave #seamally thick material according to
Tewarson> The variation of the inverse of the square roothef HFFR cablegt has been
plotted against the heat flux as shown at Fig.BBdrapolation of the linear function gives an
x-axis intercept of 10.5 kW/mz2. Based on the Delisfos approximatiofi'’, the theoretical
CHF of the HFFR cable is estimated at 17 kW/m2.eNbat no piloted ignition was reported
after exposing the HFFR cable to a heat flux 17 rk®or a duration of 15 minutes in the
MLC fire test configuration.

0,16
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R2= 0,974
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2 (S)
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Heat flux (kW/m?2)

Figure 84. Inverse of square root of piloted igmitiversus heat flux for HFFR cable
(MLC/FTIR/ELPI - 25, 35, 50, 75 kW/m2)

The EHC of the HFFR cable was also calculated edifferent heat fluxes (25, 35, 50, and
75 kW/m?2), with results shown at Fig 85. For eaelthflux, a drop in EHC can be seen at
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ignition, followed by stabilization during the flang phase and then an increase just before
extinction. The calculated AEHC for the HFFR cabl@5 + 4 MJ/ kg.

50

45 -

40 -
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30 A
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EHC 25 kW/m?
—— EHC 35 kW/m?

— EHC 50 kW/m?
EHC 75 kW/m?

EHC (MJ/Kg)

15 A

10 -

0 500 1000 1500 2000 2500

Time (s)

Figure 85. Effective heat of combustion of the HFefaRle at 25, 35, 50, 75kW/m?

Following this analysis, the HFFR cable flammabpilgarameters can be summarised as
follows. The HRR behaviour of the HFFR cable cardbscribed as an initial HRR peak (the
highest) after ignition, then by stabilization,léeled by a second peak close to the flame out
and the consequent decrease in the HRR. In additioth the i and the flaming period
decrease when the heat flux is increased whil@iRR is nearly identical for all of the heat
fluxes tested. It has moreover been calculated ifhexxposed to a constant heat flux above 17
kw/mz, the HFFR cable should generate piloted ignitvith a pHRR of 120 + 10 kW/m?,
associated to an average effective heat of condyugif around 25 = 4 MJ/Kg. These
parameters describing the fire performance of th€&Ri cable are directly representative of
the data obtained during the present study. Ineaguence, they can be considered either as
direct-response or as input data for the purposehafacterizing the flammability of other

types of electrical cable that may be of interest.
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2.2 Characterization of the gases released from thealogen Free Flame
Retardant cable fire

An FTIR spectrum representing evolved gases instheke of the HFFR cable fire at 50
kW/mz (representative of a developed fire in aHtaser situation) is shown at Fig 86. The
evolved gases spectrum is compared to referend® §géctra from the library database. The
main gases identified are;8 (broad bands around 3900 - 3500"camd 1900 - 1250 ci),
CO, (high absorption around 2357 - 2310 YmCO (absorption around 2187 — 2115 &n
CH, (absorption around 3030 — 2990 &nC,H, (characteristic peak at 2985 ¢jnand an
overlapping phenomenon between{®CH;, CHsCOOH and HO around 1750 cth

| N '

006-
| FTIR spectrum of evolved gaseq
in the smoke of fire of the cable
HFFR at 170 s

006

3
g
2 FTIR spectrum co, co
< . of gases from CH,
002
library database
003" - j l "
004 A CH;COOF /b
_0‘(55 wﬁk! J
I CH-CC CHs
_O‘%E Hzo
_0‘07:
;H‘ﬂwwmw,h mm{lf
4000 30 3000 2500 2000 1500 1000
Wavenubers (cmel)

Figure 86. Identification of evolved gases in HF€dble smoke (MLC/FTIR - 50 kW/m?)

The quantitative analyses of these gase®©(HLG, CO, CHCOOH, CHCOCH;, CH,; and
C,H,) released during the HFFR cable fire at 50 kW/re?2@otted at Fig 87, along with the
HRR profile. This chart is divided into three pagse-ignition (1), combustion phase (2) and
from flame out until 120 s after fire extinction)(3'he total concentration of each gas in each

of the parts is calculated (cf. table 10).
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In part 1, there is the release of 1 % of G&R658 ppm), 4 % of ¥D (396387 ppm), 5% of
CH3COCH; (2836 ppm), 44 % of £, (1900 ppm), 41 % of CH(3545 ppm) and 93 % of
CH3COOH (3144 ppm). The highest concentration gashénsmoke during the first part of
thermal decomposition of the HFFR cable ©H396387 ppm).

In part 2, the quantities of @, CHLCOCH; andCO,, as well as the measured HRR increase.
The former reach their maximums, namely 81% ofiCBICH; (45938 ppm), 93% of $#D
(9215993 ppm) and 97% of G@077826 ppm) (cf. Fig. 87 and table 10). On ttheephand,
CH3;COOH, CO, CH and GH,4 decrease to their lowest percentages (Fig. 88talvid 10).
The highest concentration gas in the smoke is dggih While CHHCOCH; remains present

in the smoke during combustion, gEOOH notably disappears.

After flame out, there is a recurrence of CO (53@h, (35%) and GH,4(33%),9as emission
due to the smoldering of the residual fuel (i.e HFFR cable residue), while that the levels
of H20 (3%), CQ (3%), and CHCOCH; (7%) decrease. Subsequently, the generation of CO

shuts down due to the lack of combustible fuel (BR).

© 2014 Tous droits réservés.
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Figure 87. Transient evolution of gas species dyttiFR cable fire at 50 kW/m2

132

doc.univ-lille1.fr



Thése de Franck Estimé Ngohang, Lille 1, 2014

Table 10. Total gases HFFR cable fire at 50 kW/m?

Total gases (ppm)
CH,COOH | CHsCOCH, C,H, CH. Co, co H,0

Part 1 3144 2836 1900 3545 62658 | 181590 | 396387
(93 %) (5 %) (44 %) (41 %) (1 %) (9 %) (4 %)

Part 2 237 45938 994 2075 | 6077826 | 76671 | 9215993
(7 %) (81 %) (23 %) 4%) | (97%) | (38%) | (93 %)

Part 3 ] 6806 1426 8646 | 3926024 | 106936 | 297290
(12 %) (33 %) (35 %) B%) | 53%) | @)

Total 3381 56714 4320 8646 | 6265800 | 201767 | 9909670

Furthermore, the yields of the main gases evolwaihg the HFFR cable fire at 50 kW/m?

were calculated and the results plotted as showngn88. The data plot illustrates that for
one gram of combusted HFFR cable, 4.4 g of,,C&®5 g of HO and 0.1 g of CO are
generated, as well as almost 0.07 g ofsCBICH;, 0.01 g of CHCOOH and 0.01 g of

hydrocarbons (Cli+
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Figure 88. Yield of gas species in the smoke oHfFER cable fire at 50 kW/m?2
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This qualitative and quantitative analysis shovet the evolved gases present in the smoke of
the HFFR cable fire are consistent with those detkdn fire smoke of the EVA/ATH
reference material. This is coherent with the rawtanals used in the HFFR cable

formulation of (mainly EVA and ATH) as reportedtie literature:>

2.3 Size distribution and concentration of particle in the HFFR cable fire
smoke

The particles of soot emitted in the HFFR cable lsgnvere also examined to extend the
characterization of the fire effluents of HFFR @&abFigure 89 shows the results of
measurements of the size distribution and numbgpgdfcles per crhat heat fluxes of 25, 35,

50 and 75 kW/mz2. As expected, the results conflrengredominance of submicron particles;
particles of above 1 um are present but in verigmficant numbers (approximately 90%

below those of submicron particles).
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Figure 89. Soot size distribution and number ingheke of HFFR cable

(MLC/FTIR/ELPI - 25, 35, 50, 75 kW/m?)
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On analysis of the submicron particles, a charstiepeak of 54 nm particles was observed
at heat fluxes of 25 and 35 kW/mz2, whereas at SD7nkW/m2, the characteristic peaks are
representative of particles of 6 nm. Photos ofpiaeicles collected at each stage of the ELPI
impactor during the HFRR cable fire test at 50 k\Wéare presented at Fig. 90. The collected
particles can be used for microscopy observatiorelementary analysis, to extend the

knowledge of these particles in the context of $iaéety assessment.

Figure 90. HFFR cable soot particles collected dumnainium foils

(MLC/ELPI - 50 KW/m2)

3 Conclusion

This chapter has dealt with a real case applicaifddLC/FTIR/ELPI for the fire behaviour
characterization of an HFFR cable. In terms of flzability parameters, this cable was found
to exhibit two pHRRs during combustion in a firensiation test, the first of which was
around to the time of ignition and the second keetbe flame out. Furthermore, exposing the

HFFR cable to a constant heat flux above 17 kW/ra§ mesult in piloted ignition and its
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combustion will generate total energy of around 26MJ/m2 with an AEHC of almost 25 +
4 MJ/Kg.

The composition of the gas phase released durintbustion of HFFR cable at 50 kW/m2 is
constituted, in descending order of concentrataniH,O (5865548 ppm), CO(3723397
ppm), CO (65740 ppm), GGEOCH; (31985 ppm), Chl (3220 ppm) CHCOOH (2106 ppm)
and GH4 (1768 ppm). Calculation of the yield of these gaskows that COexhibits the
highest concentration per gram of combusted HFRRed#@.4 gcoz /9 cavle HFFR, followed by
H20 (3.5 gr.0 /9 cavle HFFR, CO (0.1 gco /9 cavle vrrgd @and CHCOCH; (0.07 gerecock: /9 cable
HrrR).  The particles emitted in the smoke during costiobm of cable HFFR are in the
submicron size range. These results are similarativi® those obtained from the reference
EVA/ATH sample, indicating that the MLC/FTIR/ELPlogpling can be applied with
confidence to a manufactured product such as macitable. They can be used by EDF
R&D as direct-response data describing the charatite flammability parameters and
effluents (gas and particles) of HFFR cable inra S8ituation, or as input data for other

applications.
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GENERAL CONCLUSION AND OUTLOOK

A coupling of a Mass Loss Cone / Fourier Transfdmfrared Spectroscopy and
Electrical low pressure impactor was proposed is phoject for use in the characterization of
the fire behaviour of materials, including eleatficables, which are difficult to examine with
small bench tests such as TGA/FTIR, Py-GC/MS. Thgeative was to develop a
comprehensive technique that would enable the samebus analysis of flammability
parameters, gases and particles in the smoke ok af materials. After setting up the
intermediate bench and establishing methodologiegualitative and quantitative analysis of
evolved gases and patrticles, validation tests padd with ethylene vinyl acetate/aluminium
trinydroxide enabled to demonstrate that the bemesh exhibits accurate, meaningful and
repeatable results concerning the quality and dyaot gases evolved during MLC tests.
Likewise, determination of particle-size distritmrtiin smoke, in the current combination of
mass loss cone with an electrical low pressure atgpahas yielded accurate, precise and
repeatable results. With respect to repeatabgdiiype random deviations were observed in the
estimation of the particles concentration in theokey this being due to the specific fire
dynamics and certain limitations of the ELPI ingtent. On the other hand, the combination
of MLC/FTIR/ELPI has proven to provide excellensuéis from a single fire test, extending
the scope of data on the fire behaviour charatiesi®f ethylene vinyl acetate/aluminium
trinydroxide. Application to a real case of a haogfree electrical cable has also given
consistent results, not only for the flammabiligr@ameters but also for fire effluents (gas and
particles) in the smoke from the manufactured nedtdviLC/FTIR/ELPI therefore appears to
be a complete analytical bench of utility for resbaand development, in particular to
elucidate the mechanisms of thermal decompositiomaterials including flame retarded
polymerics. It can also be used to investigateediifit designs and formulations of materials
with results being available almost immediatelyeatiesting, which will enable research to
proceed quickly. As a consequence, the MLC/FTIR/BEx#hch will be used at Eletricité de
France Research & Development to characterizeité&haviour of various electrical cables
intended for use in nuclear power plant accidenaliaation compartments. The resulting
data should prove a useful aid in fire impact aasesnts (such as the effect of smoke on the
functioning of electronic devices) and/or for impireg fire safety policy in industrial
facilities. With this information, the industry wibe in a position to make balanced decisions

as to the most appropriate cable formulations basettieir fire safety, electrical performance
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and environmental impact. It is planned to imprdve experimental bench (specifically, the
ELPI side) by implementing a Fine Particles Sangplililution system (appendix 2), in order
to reduce random deviation in the repeatabilityhef estimation of particles concentration in
the MLC test smoke release. As it diminishes thantjty of particles being monitored,
sample dilution should limit the abrupt variatiansthe quantity of particles being impacted
on the different ELPI stages, and even preventragi@n of the ELPI analyzer. In addition,
for the FTIR side, other gases of interest (benzetwe) could be integrated, as required, into
the established quantitative method and ideas fmdifying the present MLC configuration,
to obtain a confinement space could also be discjsdthough the latter point lies beyond

the scope of this dissertation.
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APPENDIX 1: CALIBRATION CURVE RESULTS OBTAINED FOR
OTHER GASES DURING DEVELOPMENT OF THE FTIR
QUANTITATIVE METHOD
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| A Comection
| O Cross-correction
1 & Ignore
I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ]
Actual 268
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5 - Monoxyde d'azote +
- RMSEC: 3,27 Com. Coeff.: 0,9676
— RMSEP: 4,02 Corr. Coeff.: 0,9939
=3
Q
= -
=
o
=1
O-
1 O Calibration
1 + Validation
1 A Correction
1 O Cross-correction
| & Ignore
1 I 1 1 1 1 | 1 1 1 1 I 1
Actual 115
= Dioxyde d'azote
7 RMSEC 0,687 Cor. Coeff. 0,9983
RMSEP: 1,54 Conm. Coeff.: 0,9999

O Calibration

Calculated
L T T T T T [ T T T T T N T T T [T T T O T [ T T T T T O Y IO I

+ Validation
A Correction
O Cross-comection
& Ignore
1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 I 1
Actual 106
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Calculated

51

Calculated
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Dioxyde de soufre
RMSEC: 1,03 Corr. Coeff.: 0,9964
RMSEP: 0,855 Corr. Coeff.: 0,9996

O Calibration

+ Validation

A Correction

O Cross-correction
& Ignore

|
Actual 103

Amoniac
RMSEC: 1,02 Corr. Coeff.: 0,9851
RMSEP: 0,579 Corr. Coeff.; 0,9991

O Calibration

+ Validation

A Cormection

O Cross-correction
& Ignore

Actual 51

144

doc.univ-lille1.fr



Thése de Franck Estimé Ngohang, Lille 1, 2014

APPENDIX 2: FINE PARTICLES SAMPLER

Dilution Air Exhaust Air

SAMPLE IN SAMPLE OUT

s
h\\“\ + Low pressure caused by dilution
\\ air flow in the nozzle sucks the
\ sample from the inlet

E * Mixing in the mixing chamber
y /' « (Coaxial dilution, low losses

The Dekati diluter is typically applied for combiast dilution in a two stage “double diluter”
setup, where the first Dekati diluter is heated #edsecond operates at ambient temperature.
In this way, unwanted condensation and nucleatiomd dilution can be eliminated and the

measured results will be more stable.

APPENDIX 3: PUBLICATION

F.E. NgohangG. Fontaine, L. Gay, S. Bourbigot: Revisited stigation of fire behaviour of ethylene
vinyl acetate/aluminium trihydroxide using a condtion of mass loss cone, Fourier transform
infrared spectroscopy and electrical low pressmpaictor,Polymer Degradation and Stabilit}06
(2019 26-35
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