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Résumé

1 Introduction

Lors des dernieres décennies, un nombre imporeanécherches a été consacré aux feux
libres ou confinés dans des compartiments. Cesegtwtit permis de faire évoluer les
simulations numériques et d’obtenir des outils dlgse de slreté performants. Malgré cela,
les incendies restent toujours synonymes de caagsumne de dégats matériels et de pertes de
vies humaines.

Les feux de compartiment présentent des comportsmeds variés qui dépendent
principalement de la nature, de la position du aastible ainsi que de la ventilation de
I'enceinte. Une partie de la chaleur dégagée pHatame et des produits de combustion peut
étre piégée en dessous du plafond ce qui augmerftaxl de chaleur vers les sources de
combustible disponibles qui s’embrasent alors.

La plupart des recherches sur les feux de compamtia porté sur des configurations
dans lesquelles la source de combustible étaitiposée sur, ou a proximité du sol. Par
contre, peu d’'informations sont disponibles swdmportement d’un feu lorsque la source de
combustible est dans une zone sous-ventilée. Léétdn tel scenario reste une priorité au
Laboratoire de Combustion et de Détonique (LCD)sdancontexte du risque incendie dans
les installations a ventilation contrdlée. De téllifices posent des problemes spécifiques
quant a la sécurité d’incendie, la ventilation esglée pour que les effluents, souvent
polluants et toxiques, ne puissent étre rejet&ciment dans I'environnement.

Lors d'un précéedent projet, des tests préliminaiocgg été effectués en simulant
partiellement, grace a linjection d’'un hydrocarbugazeux a travers un brdleur, la
dégradation d'un combustible solide ou I'évaporatid'un combustible liquide. Cette
simulation a permis a I'expérimentateur de décerréd débit de combustible du flux de
chaleur transmis des produits de combustion versolace de combustible. Le dispositif
expérimental consiste en une enceinte munie dihiadu afin de piéger une couche chaude de
fumées et de produits de combustion dans sa patite. Si le brdleur de simulation est en
position basse dans I'enceinte, un panache deufseeptible d’'interagir avec la zone chaude
se forme au-dessus du brdleur. Si le brileur estépen proximité de linterface entre la
couche supérieure de fumées et la couche dairigéufe, I'entrainement d'air dans le

panache ne va suffire que pour une combustion ip&Eimdans ce dernier, et par conséquent
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du combustible imbrGlé va étre transporter versdache supérieure, ce qui peut mener a
I'apparition de flammes a I'interface entre les cues. Si le brlleur est maintenant placé dans
la couche supérieure, et avec un faible débit debastible, la flamme s’éteint. Pour de plus
forts débits de gaz la flamme se détache du br{dewse stabilise a l'interface entre les
couches. Selon le débit de combustible, il esentdssoit des flammes jaunes cellulaires
couvrant toute I'interface, soit des flammes blaures dont le taille fluctue sur une partie de

I'interface.

Le but de ce travail de thése est de complétecoonsaissances sur le comportement des
feux quand la source de combustible est située ldazsne chaude piégée par le linteau. Les
objectifs suivants ont été recherchés :

» lidentification des mécanismes qui permettent dldanme de se stabiliser a I'interface
entre les deux couches ;

» l'étude de I'influence du type de combustible, da gébit (et donc la puissance calorique
théoriguement dégagée), de la hauteur du linteda kt taille de I'ouverture en dessous du
linteau sur les régimes de flamme contrélés pdeélst de combustible ou par le débit d’air

entrant.

2 Installation expérimentale

Cette recherche a été menée dans un compartiniéchalle de laboratoire (0.62 m de
long, 0.84 m de haut, 0.40 m de large). Deux lumtegdifférents de hauteurs respectives 0.19
m et 0.34 m sont installés a tour de rdle au dedsu®uverture pour piéger une couche de
fumées et de produits de combustion capable denmnayoet enflammer des cibles
combustibles. Des panneaux isolants de différetdaies sont utilisés pour modifier le
facteur de ventilatiofy en changeant la forme et la surface de I'ouverture

La surface de la flamme a l'interface des zonesidbaet froide est considérée comme
une grandeur représentative de régime de flammar. permettre la détermination de cette
surface et la comparaison de sa partie a l'intéa@ec sa partie a I'extérieur de I'enceinte, il
faut que les deux parties soient horizontales mue I'entrainement d’air dans les deux
parties soit semblable. Pour affecter ceci, unldamazontal, ouvert en partie inférieure, a été

installé a la sortie de I'enceinte.
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Des braleurs a gaz alimentés en propane ou méthameutilisés pour introduire du

combustible gazeux dans I'enceinte.

Plusieurs différentes techniques de diagnostiques@nutilisées pour décrire la flamme,
son mode de stabilisation et son régime.

Des visualisations optiques et la capture d’imagesnoyen de caméscopes numeriques
ont permis d’enregistrer la dimension et la coules flammes ainsi que la taille des couches
inférieure et supérieure. Avec l'aide d’'une canmarmérique et d’un traitement des images, la
surface couverte en moyenne par la flamme en famckés paramétres a été déterminée.

Des mesures de champs de vitesse ont été effeciudss endroits différents par
vélocimétrie d'images de particules (PIV). D’abdedchamp aérodynamique dans la zone de
I'orifice du brdleur a été enregistré. Ensuite dekevés ont été effectués prés du bord
d’'attaque des flammes. Afin de pouvoir corrélecdélement avec la position de la flamme,
le temps d’exposition de la caméra PIV a été rpglé capturer a la fois la lumiére du plan de
laser diffusée par les particules d’ensemencemdiffugion de Mie) et la lumiere de la
flamme (émission spontanée). Finalement le chamyitdese dans I'ouverture a été mesuré
afin de calculer le débit d’air entrant dans I'eénte

Un peigne de thermocouples détermine le champndeéeature moyen dans I'enceinte.

Des prélevements de gaz dans la zone supérieufergdeinte ont été effectués pour
déterminer la composition chimique du milieu pareuanalyse chimique, soit par
chromatographie en phase gazeuse, soit par degseama en ligne pour les espéces stables

majoritaires.

3 Résultats et Discussion
3.1 Observation de la forme et du comportement da lflamme

Dans le compartiment deux couches de produitsrdiff6 sont bien identifiées : une
couche d’air frais dans la partie basse, et unetmuiche en combustible dilué dans des
produits de combustion et pauvre en oxygene erefdaatite piégée par le linteau.

Pour des débits de combustibie. importants (> 0.6/, ce qui correspond a une
puissance caloriquel de 30 kW), une flamme jaune cellulaire est obsereéie couvre toute
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I'interface de I'enceinte entre les deux couchesirRles débits de combustible plus faibles, la
flamme se détache des parois et présente uneftaditaante ; en méme temps, elle change de

couleur pour prendre un aspect complétement bleueges valeurs den. inférieures a 0.27

9s (13 kW). Si le débit de combustible est encores piéduit, les fluctuations de taille
deviennent plus importantes, jusque un seuil d& %2en dessous duquel la flamme ne peut
pas étre maintenue et s’éteint.

Dans l'enceinte les couches inférieure et supé&ieant thermiquement stables. Par
contre, une instabilité thermique entre la flammieg chaude) et la couche supérieure moins
chaude se manifeste a cause des pertes au tragepaubis. Ceci explique I'aspect cellulaire
de la flamme : a cause des effets de flottabli® gaz dans la zone de réaction sont entrainés
vers le haut et une partie de ceux-ci pénétre dansouche supérieure induisant un

mouvement convectif.

3.2 Aérodynamique ; structure et stabilité de la fimme

Le champ de vitesse dans la zone a proximité d#id¢® du brlleur montre que le
combustible sortant du brlleur s’écoule le longpthfond puis vers l'arriere de I'enceinte
pendant que des gaz et des fumées de la couchée dant entrainés vers le haut et
recirculent. On peut alors supposer que, dans dexae recirculation, le combustible se
mélange et se dilue dans des produits de combudidan couche supérieure.

Le champ de vitesse en amont du liséré d’une flardliiméerface ne recouvrant pas la
totalité de la surface, montre que le fluide abdadégamme horizontalement, est ensuite dévié
vers le haut, puis continue parallelement a la fif@nlLa vitesse moyenne au bord d’attaque
de la flamme est 0,8/s ce qui est de I'ordre de grandeur de la vitesserd@agation
théorigue d'une flamme de prémélange laminaire —vdéeur exacte de la vitesse de
propagation théorique ne peut pas étre détermiwée précision, car la température et la
composition chimique en amont de la flamme sonbinbgenes et difficiles a mesurer.

La température dans la couche supérieure est tadsel de 500°C. Pour un plus fort
débit de combustible, la température dans la couitlige augmente jusqu’a ce que la flamme
couvre toute la surface de l'interface. La tempéeatievient alors indépendante du débit de

combustible et de la taille de la ventilation.
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L’analyse chimique dans la couche supérieure mdatiferte dilution du combustible
dans des produits de combustion : on obtient umeerdration de 23 % en produits de
combustion (C@ H,0), 6 % en combustibles divers et 2 % en oxygees. &9 % restant
étaient de I'azote. En amont de la flamme, le castible est donc dilué dans les produits de

combustion.

Ces résultats indiquent que lorsque la flamme nerreoque partiellement la surface de
I'enceinte, un mécanisme de flamme triple stabigseombustion — une zone de mélange se
forme entre le combustible dilué dans des prodietsombustion en partie supérieure et I'air
en partie inférieure. Ce prémélange, a richessablar autoentretient la réaction chimique ;
le front de flamme se propage a contre courantdeulement vers le fond de I'enceinte. En
aval de ce front la majorité des réactifs brileargune flamme de diffusion.

La surface de la partie de la flamme a lintériglgr 'enceinte et la stabilité de la
combustion sont liées au rapport entre la vitegsellement en amont de la flamnwga, et
la vitesse de propagation de la flamme de prémé|&gvitesse caractéristique de la flamme
laminaire. Si S est supérieure 8y, la flamme se propage vers le fond de I'enceinte.
Inversement, sf_est inférieure &yq, la surface de la flamme diminue. Une augmentation
débit de combustible méne a une augmentation deoseentration dans les produits de
combustion ainsi que de la température, et parétent a une augmentation$le donc, la
surface moyenne de la flamme augmente et la combudvient plus stable. Les fluctuations
de la surface de la flamme qui sont observées stinibuées a des variations de
concentrations, de température et de vitesse dé&wmunt en amont du front. Au dessus d’un
certain seuil de débit de combustible, I'équilibrare les deux vitesses n’est plus atteint et la

flamme recouvre toute la surface.

La couleur bleue de la flamme (émission des radicBioydrocarbures) vient du fait que
peu de suies sont formées. Si le débit de combestigmente (forte dilution du
combustible), la concentration en combustible darsone haute augmente ; la température

de flamme augmente, d’ou une production plus ingoet de suies.

19



tel-00259507, version 1 - 28 Feb 2008

3.3 Analyse de la surface couverte par la flamme

Il a été démontré que la surface couverte par dnrfie n’'est pas directement
proportionnelle a la chaleur dégagée, mais quit tnsidérer la surface en fonction du débit

de combustible diminué du débit minimal pour asslaeombustion,A, (m. —m._ . ). La

surface est par ailleurs liée a la chaleur convect) c’est a dire la chaleur dégagée

conv!

diminuée des pertes thermiques- Q,.).

Tant que la combustion reste controlée par la digidé en combustible, la surface
couverte par la flamme est indépendante du fackewentilationF,. Ce critére sur la surface
de flamme est quantifié pour le débit de combustdar unité de surface de flamme, qui relie
alors le comportement de la combustion au flux @alwstible moyen atteignant l'interface

et brdlant dans la flamme d’interface.

Pour qu'une extinction se produise, c’est-a-dirempossibilité de maintenir la
combustion, arrive, au moins un des deux critauesnts doit étre rempli :
qgue la vitesse de propagation du front de prémél&ngoit inférieure a la vitesse de
I'écoulement amont,
gue la concentration de combustible soit insuftiegoour maintenir une flamme de
diffusion.

Pour pouvoir prédire le comportement dans desstaltnfigurations, mais a d’autres
échelles, il est important de trouver des parammetaractéristiques qui lient les valeurs
critigues du débit de combustible avec la géométire comparaison des observations faites
avec le compartiment utilisé lors le présent I'éust des données d’une installation plus
grande indiquent que le rapport entre le débit @mhustible et la surface de I'enceinte —
quasiment un flux de combustible — est un grandéle pour caractériser le seuil minimum
pour permettre la combustion et le seuil minimunurpgue la flamme couvrent toute
l'interface. Ces seuils dépendent néanmoins égaleme la hauteur du linteads Des

valeurs suivantes ont été trouvés :

Hs=0.19m Hs=0.34 m
seuil pour permettre la combustion 095, 0,824,
seuil pour flamme sur toute I'interface 1%, 2,6%9

Si le brdleur est rapproché soit de la paroi duf@oit de I'avant du compartiment, un

plus grand débit de combustible est nécessaire maimtenir la combustion. Ce phénomeéne
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s’explique parce que le vortex de recirculation pkis difficile a former, donc une

combustion plus instable.

3.4 Influence de la ventilation sur le comportemende la flamme

L’épaisseur de la zone viciée augmeorsque I'on restreint 'ouverture. Si cette dermie
est réduite a moins de 12 % de sa taille initildlezone de fumée remplit l'intégralité du

compartiment.

Le débit d’air entrant par I'ouverture, calculé artpr des mesures de vitesse par PIV,
montre une corrélation de celui-ci avec la puissama-tiers du débit de combustiblg (a
chaleur dégagée) tant que celui-ci est inférieuseuil conduisant a des flammes recouvrant
toute la surface. Pour les plus forts débits delumtible, le débit d’aération reste constant.

Si le facteur de ventilationFy est réduit, le débit d'air mesuré se réduit
proportionnellement a la puissance deux-tiers @. On observe que pour des tailles
d’ouverture en dessous de 12 % de la largeur aediate, donc en dessous de la valeur a
laquelle la zone de fumée rempli toute I'enceiteejébit d’air tombe en dessous de la valeur
nécessaire pour une combustion compléte du comblristiorsque la source de combustible
est sur le sol, un tel comportement est associg tahsition du régime contrélé par la
disponibilité du combustible vers le régime corérpéar la ventilation. La taille d’'ouverture de
12 % correspond également a celle en dessous dellladp théorie pour des configurations
avec la source de combustible sur le sol préditrdasition du régime contrélé par la

disponibilit¢ du combustible vers celui controlér i ventilation, m.Ah, =1500¢% .. F,, .

Ces résultats indiquent que la transition ainsi lgueomportement du feu pour le régime
controlé par la ventilation obéissent aux mémes dpiel que soit la position du brdleur dans

I'enceinte.
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4 Conclusion

Ce travail a permis de prédire les régimes de catidou susceptibles de se stabiliser
lorsqu’un combustible est introduit dans une zoore oxygénée (non ventilée). Des grandeurs
caractéristiques ont été déegageées, en particudiciuk de combustible introduit dans la
flamme pour prédire la stabilité de la combustianl'extinction. Ce travail constitue une
réelle avancée dans la compréhension de la corohudi réactifs dilués préchauffés a haute

température avant leur mise en contact et leur cstign.
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A [m]
Ay [m?]
Anin [M7]
Aﬂ-out [mz]
Ay [m7]
BRE
¢
¢ [hgul
Cq
CCD
CNRS
CP
d [m]
D [m]
EdF
ENSMA
EU
Fv  [m*7
FC
Fro [
g :9.81m/52
H [m]
He  [m]
Hy [m]
HRR [W]
IFE
IRSN
k  [Yind
KDP
L [m]
LCD

[ka]
m [kg/s]
M [
M [kg/kmol]
N  [kmol]

Symbols and Abbreviations

Area

Area covered by the flame

Area covered by internal part of the flame

Area covered by external part of the flame

Area of a vent

(UK) Building Research Establishment

Constant

Specific heat capacity at constant pressure

Orifice coefficient

Charge coupled device (digital camera)

Centre Nationale de Recherche Scientififerench National Scientific
Research Council)

Combustion products

Diameter (of wire)

Diameter

Eléctricité de France

Ecole Nationale Supérieur de Méchanique et d’A@tméeue(French
National College for Mechanical Aerotechnical Erggring, Poitiers)
European Union

Ventilation factor

= AH®

Fuel-control

Froude number

V2

gD
Acceleration due to earth gravity
(Compartment) height
Flame height
Effective height of a vent (in the case of twent arranged vertically one
above the other, the effective height is the heiliffierence between the
upper edge of the upper vent and the lower edtjfgedbwer vent)
Heat release rate
Institution of Fire Engineers
Institut pour Radioprotéction et SOreté Nuclédifeench Institute for
Radiological Protection and Nuclear Safety)
Thermal conductivity
Potassiumdiphosphate
(Compartment) length
Laboratoire de Combustion et de Détoniquaboratory for Combustion
and Detonics, Poitiers, France)
Mass
Mass flow rate
Mass flux
Molar mass
Molar count
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NFPA

Nu [-]

p [Pa]
PIV

q [
[l
Q W

Q [W]
Q[
Q* []
Qprod [\]]

r [-]

R =8310Y%g«k
Re []

s [

t [s]
T [K] or [°C]
Tar [K]or [°C]

v o[
Vo [m
VC

W [m]
W [m]
x  [m]

X [km0|/km0|]

X [km0|/km0|]

[m]
[kg/ kg]
[m]

N <<

Greek Symbols

a []
A

Ahe  [igl
Ahc [J/kmol]

(US)National Fire Protection Association
Nusselt number
_aL

k
Pressure
Particle imaging velocimetry
specific heat, heat per mass
specific latent heat of gasification
Heat
Heat release rate
Heat transfer rate
Heat flux

Nondimensional heat release rate

_ Q
p.c,T./gD?**

Heat produced during combustion
Stoichiometric ratio
Ideal gas constant
Reynolds number
vL

- charcterigic
Vv
Burning velocity of a premixed flame
Time
Temperature
Adiabatic flame temperature
Velocity
Volume
Ventilation-controlled
(Compartment) width
Vent width
Geometric dimension in direction of the lengfithe compartment
“Local” molar concentration — concentration of@mponent within the
oxidant or fuel flow
Molar concentration (In situations where sepafaé and oxident flows
are identified, X denotes the concentration of eamhponent relative to
the sum of gas in both flows. Concentrations re¢atd the amount of gas
within one or the other flow are denoted as x)
Geometric dimension in direction of the heighthe compartment
Mass fraction
Geometric dimension in direction of the widththe compartment

Absorption coefficient
Difference

Heat of combustion per mass
Heat of combustion per mole

24



tel-00259507, version 1 - 28 Feb 2008

n [l

H [J]

H W]
®© [°CorK]
K [Yl
v ™)
p [kg/ m3]
T [s]

¢ [
¢global[']

¢ in [']

Superscripts

Subscripts

CP
crit
exit
HC

fl

inert

initial
loss
out

[=]

T

Combustion efficiency
Chemical energy
Energy flow rate

Temperature difference or temperature in celsiakesc
Emission coefficient

Kinematic viscosity

Mass density
Time constant
Equivalence ratio

Miel acual As the project involves artificial mixtures of

mbi inerts and oxygen, the equivalence ratio has
= mz—ac“‘a' been given a different definition from the one

__fuelstoich used in most literature.

rrbz,stoich

Global equivalence ratio
Equivalence ratio defined with the fuel whicbmbusts inside the
compartment

Rate of change

Per unit of length

Per unit of surface area

Per unit of volume

Values for scaled-down model
Estimated value

Values for ambient conditions

Air flow

Compartment

Values for th&€Combustion products
Critical value

Values for exiting mass flow
Hydrocarbon

Fuel flow

Flames

Occurring inside the compartment

Values for the inert gases inside the compartnreatr(ly N, and CQ in
practice, mainly B O, and He in the experiments during the first stage
of the project, mainly Nand He for the second stage of experiments)

Values immediately on exiting the orifice of theritver
[Heat]losses through the walls

Occurring outside the compartment

Flowwithin the fire plume

Ar: total internal surface area of a compartment
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TC

Values for the thermocouple
Of the vent
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1 Introduction

1.1 Background

Despite advances in the understanding of fire dvempast decades [Quintiere 2001] and
despite the advances in computing capacity, odityalbd predict the behaviour of fires in
general and building fires in particular remainspenited.

Fire continues to cause much damage to materigeptypand many deaths and injuries —
for example for in the UK in 2002 roughly 100,000ilbing fires were recorded, causing
about 500 deaths and 13,000 non-fatal injuriesi¢@®fbf the Deputy Prime Minister 2005],
and creating material losses of about 1,500 Mionds{2,200 Mio Euro), which is equivalent
to 0.14 % of the gross domestic product [Wilmot Z20® is not just the biggest fires which
need to be addressed if the number of casualtieshe greatly reduced: despite the number
of fires over the past years in public buildingsisiag multiple deaths, the majority of fire
deaths occur from incidents in residential propsrteach involving small numbers of
casualties [Geb&audeversicherung des Kantons Be®2]19Office of the Deputy Prime
Minister 2005].

If active and passive protection measures, andatipaal procedures and training for
firefighters are to be improved, then the availdilewledge on the behaviour of fires needs

to be increased.

Compartment fires can exhibit a wide range of déife behaviours, depending primarily
on the type, size and location of the fuel, andhanventilation.

Most previous research has concentrated on scenafiere the fuel source is located
close to the floor. The main mechanisms for susksfhave been identified, and to a certain
degree predictions of the growth of a fire and né&ulting temperatures in the compartment
are possible [Karlsson and Quintiere 2000]. Theachasenarios are depicted in schematic
fashion inFig. 1.1

If a fuel source is located in a compartment, theat, smoke and hot gases will be
trapped and the air supply will be restricted hié tompartment is extremely well ventilated,
then the effect may be small, and the fire may gromore or less an identical way to how it

would if it were in the open [Drysdale 1998]. Thiase is depicted ifrig. 1.1a More
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a b C d

Fig. 1.1: Schematic illustration of the main belwari types which can be encountered when a

fire is in a compartment.

restricted, but still quite large ventilation, widlad to the buildup of a substantial layer of hot
smoke and gas underneath the ceiling, as depicteéid. 1.1b[Drysdale 1998], [Karlsson and
Quintiere 2000]. The heat feedback from this laamed from the walls and ceiling to the fuel
bed will increase the rate at which the fuel isvated into its gaseous phase and released
into the compartment, increasing the size of tree fi

If the ventilation is further restricted, and liext to the order of magnitude of a typical
door or window, then the hot layer can grow sodaag to fill practically the whole of the
compartment [Drysdale 1998], [Karlsson and Quieti@000]. At the same time, the heat
transfer to the flammable objects will be such thiaflammable items in the compartment
will ignite. This is shown irFig. 1.1c.

If the vent is very small, the supply of air to thee may be insufficient to sustain it.
Under such conditions, various different patterhbahaviour have been observed, including
extinction [Drysdale 1998], [Karlsson and Quinti€2@00], smouldering [Drysdale 1998],
[Karlsson and Quintiere 2000], [Gross and Roberts®85], oscillations of the combustion

rate [Takeda and Akita 1981] and spontaneous fileffdayasakaet al 1996].

Little research has previously been performed fites when the fuel source is located
close to the ceiling, as may for example occur wiledsctric cables overheat or pipes
transporting organic solvents rupture. Consequglithg is known about the behaviour of fire
in such cases.

Such scenarios were studied at the Laboratoireatieb@stion et de Détonique (LCD) as
part of a project looking into questions raiseddbgctricité de France (EdF) and the Institut
pour Radioprotéction et Slreté Nucléaire (IRSNardimpg the risks associated with fires in
installations where radioactive materials are pseed [Bertin 1998], [Bertiret al 2002],
[Coutin 2000], [Coutiret al 2000], [Coutin and Most 2003]. Such installatiguse specific
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problems for fire safety engineers, as in many cnnpents the ventilation rate and pathways
are controlled so as to reduce the possibilityaofioactive dust escaping to the environment
[Audouinet al1997].

This earlier project at the LCD aimed among otlmemgs at discovering whether or not
sustained combustion is possible when the fuelcgogriocated in a zone filled with fuel and
combustion products but to which there is no supplgir, and at describing the behaviour of
the flames.

During that project configurations were studied veha gas burner was used to partially
simulate the degradation of a solid fuel bed, erdtaporation of a liquid fuel. This allows the
fuel flow rate to be set by the person runningekperiment rather than it being determined
by the heat flux to the fuel bed.

The burner was located inside a compartment fitgtd a soffit to trap a layer of hot
smoke and combustion products. When the burneodatéd low in the compartment, a
diffusion flame and smoke plume will form aboveWhen the burner is located close to the
interface between the layer of smoke and the garlbelow it, flames may appear at the layer
interface. These two scenarios are depictdelgnl.2 aandb. Much of the work concentrated
on cases when the burner is located inside therdpper. Under such circumstances, at low
fuel flow rates the flame will extinguish; at highfeiel flow rates, the behaviour depicted in
Fig. 1.2cwill occur: the flame will detach itself from theitmer and stabilise itself at the layer

interface.

Fig. 1.2: Behaviour patterns observed when a gasdus placed in a compartment.

The current project was initiated to describe inrendetail the phenomena observed by
Coutin [Coutin 2000], [Coutiret al 2000], [Coutin and Most 2003] during the earlieojpct.
It was performed within the FIRENET research nekyan international network funded by
the European Union (EU) to study various aspectsoaipartment fires. A central object of

study were blue flames which occur in a configaatas depicted ifig. 1.2cwhen the fuel
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flow rate is just above the minimum necessary &iano combustion. Furthermore, work was
performed to study the behaviour when the sizehefvent is reduced, as suggestedrim
1.2d

1.2 Literature Review

In order to understand the behaviour of fires il fuel source close to the ceiling, it is
necessary to first understand the combustion psacegeneral and the behaviour of the more
usual compartment fires where the fuel source & tiee floor. This section therefore starts
with an introduction of the combustion process ahthe key mechanisms involved in fires
when the fuel source is in the open, then predaetbehaviour regimes of compartment fires
when the fuel source is close to the floor, betogeloring the behaviour associated with fires

where the fuel source is raised above the floor.

1.2.1 The Combustion Process

There are two basic types of flame: premixed affdision [Drysdale 1998]. The flames
encountered in compartment fires are mostly diffasilames, but some of the concepts of
premixed burning are required in the discussioseferal aspects of fires, notably ignition

and extinction.

Flaming combustion is a phenomenon which involvedenials in their gaseous phase.
Therefore, prior to flaming a condensed fued.(solid or liquid) is converted into vapour and
gas through pyrolysis, sublimation and/or evaporatirhis conversion is driven by the flux of
heat to the surface of the solid or liquid. In siifigd terms, the rate of production of vapour

per surface area of the solid or liquid podf (also known as thebtirning rate”) is
determined by the heat flux from the flame and framy external heat source, and a “latent
heat of gasification” [Drysdale 1998]
oo %t -Q
q.

(1.1)
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Fig. 1.3: lllustration of the energy flows involvedthe degradation of a solid or liquid fuel

whereQ} is the heat flux from the flame to the surfag¥, the heat flux from external sources

n
loss

to the surfaceQ!_the heat losses amyl the necessary heat per mass of the fuel for the
conversion to the gaseous phase. The fire will gfale net heat flux to the solid is greater

than that required to produce the amount of fupbua needed to susta@’fI .

The mass flow of gaseous fuel transports a flosheimical energyl which equates to
H = . Ah, (1.2)
whereAh, is the heat of combustion per mass of the fuel.

The combustion reaction itself can be describadealised form with the equation

7
New CoHy+No, 02+2—91)N02 N, -

(xIN )Coz+(1 N szo+7—9 N N, (1.3)
xMy 2 xMy 21 2
with the quantities of fuel and oxygen being inct@metric proportions
N
ey o L (1.4).
N02 X+X

whereN; is the number of moles of each species. The stmugiric fuel-to-air ratio is more
usually expressed in terms of mass rather thansnole

My,

o 1.5
o+ r (1.5)
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or, combined with ( 1.4)

NCXHVMCXHV _ Mec,n

r = = 4 (1.6)
NOZMOZ+NN2MN2 X+X M +L9M
AN 21"

whereM,; is the molar mass of the species

It will not necessarily be the case — indeed paldity with fuels with large molecules it
is rarely the case in practice — that all the gasdael is combusted [Drysdale 1998]. Most
fires will emit quantities of unburned and pargdiurned fuel in the form of gases, vapours

and aerosols.

The rate of conversion of chemical energy to heatheat release raté (HRR) Qprod,

can be considered as being equal to the flow ratehemical energy multiplied by an
efficiency factor, the combustion efficiency nc

Qproa =NcH (17)
The HRR depends not only on the material involved e size of the solid object, but also
on its geometry, on the arrangement if the solichmases several different materials, and on
the environment. Prediction based purely on themlefoundations is therefore in practice
almost impossible for anything more than the mompke of configurations, and so normally

measurements are required [Drysdale 1998], [Kamlssml Quintiere 2000].

A key factor in any combustion process is the rafi@available oxidant and fuel. This
ratio directly affects the chemical reaction in tase of premixed flames, but also in the case
of diffusion flames the combustion efficiency ilirenced by this ratio.

These ratios are normally expressed in the fortreqtiivalence ratio$ [Drysdale 1998],
the ratio between the fuel to air ratio and théckiometric ratior:

me
LN
r

o (1.8).
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1.2.2 Fires in the Open

Fire Plumes

Above the solid body of fuel, gaseous fuel willerispwards, mixing with air to form a
plume and burning in a diffusion flame [Karlssor &uintiere 2000].

The plume comprises three parts as illustratdgéirneur ! Source du renvoi introuvable.
[Drysdale 1998]: the zone between the height offtieé bed and the height at which flame is
always present, the zone corresponding to the rahigeights at which there is an intermittent

presence of the flame, and the zone above thethaigie furthest reach of the flame tips.

The rate of entrainment of air into the plume wlgitermine the volume and temperature
of the resulting smoke and gas.

Several models exist to predict the amount of afragned into a plume, although none
provide a simple, accurate, universal, closed-flermula. Karlsson and Quintiere present a
range of models in their textbook [Karlsson andr@are 2000].

The rate of entrainment is normally sufficienthghithat the amount of air required for
combustion of the fuel will have been entrainecerafinly a short distance equating to a

fraction of the height of the flames.

Flame Length

If the flames from different fuel sources are todmenpared, it is not sufficient for the
energy release rates to be compared — also thatbesfthe flames must be looked at (see
Section 2.2.1) [Drysdale 1998], [Karlsson and Qenet 2000]. In addition, the comparison of
heights of flames and of compartment ceilings isgdortance if a fire is in an enclosure.

In order to quantify the height, most authors defthe height of the flamely; as the
height beyond which the flame tips reach for hia# turation of the observation [Drysdale
1998], [Karlsson and Quintiere 2000].

The flame height is primarily determined by theadietween the initial inertia and the

buoyancy of the fuel. This ratio can be expressedugh the Froude numbéir or the
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“nondimensional energy release ra@”’

V2

Fr = initial 1.9
"D (1.9)

whereviniial 1S the velocity of the gaseous fuel when it leabesorifice of the burner, pool or
solid surface, an® is the diameter of the burner/pool/solid [Karlssord Quintiere, 2000].

An alternative expression used by many authofsasrondimensional energy release rate”

Q
Q= (1.10)
p.C,T.A/gD?

where Qis the heat produced by the combustion ppdc, andT,, are the density, specific

thermal capacity and temperature of the ambientTéie correlation between the two can be
illustrated if the velocity in the Froude numbeebgpressed in terms of the fuel flow rate and
burner geometry — see [Karlsson and Quintiere, Q@ values ofFr or Q* (Fr < 10° or

Q* a 1) correspond to pool fires and fires of sslidvhere the initial velocity is low. High

values Er > 10" or Q* > 10° correspond to fires of gas jets.
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Fig. 1.5: Experimentally determined

_ _ _ correlation between the “nondimensional
Fig. 1.4: Schematic of a fire plume

energy release rate” Q* and the flame
adapted from [Drysdale 1998]

length H;.

Source: [Karlsson and Quintiere 2000]
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Fig. 1.5 shows the correlation, determined from severalkgrental studies, between
Hq, and the heat release rate, expressed in terf®g diKarlsson and Quintiere, 2000]. The
data are well correlated witQ*, although to describe the resulting link betwelea two,

separate mathematical formulae are required féereit ranges d* — see [Drysdale 1998].

Orloff and De Ris [1982] measured flame heightsirdutests with burner diametes

ranging from 0.1 m to 0.7 m and energy flow ratesanging between 25 and 250 kW. From

their data, they suggested the correlation
H gi
12Mw/ . D2

fl

(1.11a)

or in other words the ratio between the energy ftate H and the volume of flam¥/, is

constant

i~1_2MWm3 (1.11b).
Vfl
Within the range of fuel flow rates and burner sizethin that study, this simplified

formula would seem to be a reasonable approximéiloysdale 1998].

1.2.3 Compartment Fires

If a fuel source is placed inside an enclosure,pllnene gases and heat will be trapped
underneath the ceiling and the air flow to the fivi#l be restricted. This can lead to the
behaviour of the fire being changed substantidtly, example through an increase in the
amount of heat transferred to the fuel source [@ales 1998], [Karlsson and Quintiere 2000].
Often this will increase the rate at which the fy®ws and the maximum heat release rate

obtained.

1.2.3.1 Fires in Very Well Ventilated Compartments

A compartment fire will usually start with the igion of a single object in the

compartment. The fire will initially grow in a sinail fashion to a fire in the open, with the fire
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gradually spreading over the object. Smoke, hotagaksflames will rise upwards in a plume
and then travel underneath the ceiling and outgiinahe upper part of the vent, while fresh
air is entrained in through the lower part of temt[Drysdale 1998], [Karlsson and Quintiere
2000].

As the passage of hot smoke and gas is at leastllyarestricted, a hot layer will form
underneath the ceiling. The burning object will hiject to heat flux not only from the
plume, but also from the layer of smoke and gasfiaomd the ceiling and walls. In accordance
with equation ( 1.1 ), this extra heat flux wilcirease the pyrolysis rate, and consequently the
rate will normally be greater than if the burnirigjext were in the open.

As the combustion rate is primarily by the type armm# of the fuel source, such behaviour

is known as fuel-control” .

= ﬁ
= = B

ZE@

air
= fuel

=> combustion products

Fig. 1.6: Schematic of the mass flow in a fuel-calted fire
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1.2.3.2 Fires in Compartments with “Normal” Ventila  tion

If the ventilation to a compartment is limited toeoor two doors or windows, then the
buildup of smoke and hot gas underneath the ceililgtypically be so great that the
behaviour of the fire will be significantly changed

If left to run its course without any changes te Hentilation or attempts to extinguish it,
such a fire will normally pass through a seriepbéses during its development [Drysdale
1998], [Karlsson and Quintiere 2000].

heat release rate

A

time

\ v J\_Y_/\ ~ A "y J

initial growth  flashover fully developed fire decay

Fig. 1.7: Schematic illustration of the developmehthe heat release rate over time for a

“typical” compartment fire.

1.2.3.2.1nitial Growth

In most cases, a fire will start with the ignitiof a single item of fuel. Initially it will
behave much in the same way as described forifiresry well ventilated compartments, and
in particular be fuel-controlled [Drysdale 199&arlsson and Quintiere 2000]. The fire will
gradually spread over the combustible item andiplysspread to adjacent items, increasing

the buildup of the hot layer beneath the ceiling.
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1.2.3.2.2Flashover

After an initial period of gradual fire growth, sal mechanisms come into play,
including the ignition of other flammable objectedughout the compartment due to heat
transfer from the flames, smoke layer, walls antingg and the ignition of smoke and gases
at the interface between the upper and lower layiérs various mechanisms tend to reinforce
each other, leading to a rapid acceleration irstbe of the fire, until all the flammable objects
in the compartment are burning — the fire havingstheached its third stage, that of a “fully
developed fire” [Drysdale 1998].

Fire growth during the second stage is often vepyd, and it may take less than a minute
for the fire to pass from being localised to itgyoral seat to involvement of all flammable
objects in the compartment [Fire Experimental US®7]. The rapidity of fire growth during
this phase has led to the phase being narfteshbver’.

Flashover is normally accompanied by an increag@endepth of the upper layer to fill
practically the whole of the compartment. Typicatlwill also be observed that there is a
qualitative change in the amount of flames exitimgough the vent [Drysdale 1998],
[Karlsson and Quintiere 2000]: Before flashoverréhwiill typically be no or only limited
emergence of flame tips from the vent. After flago a large part of the vent will be filled

with flame..

Mechanisms

As already mentioned, flashover normally involvesaage of mechanisms, each tending

to reinforce the others [Drysdale 1998], [Karlssma Quintiere 2000].

* Due to the transfer of heat downwards from the srlaker, the other flammable objects
will start to pyrolyse. The plumes from the othejeals in the compartment will add to the
growth in thickness and to the temperature ris¢hef upper layer. The hot layer will
quickly grow so large as to reach almost to therflo

* The increased production in pyrolysis products aiilthe same time lead to an increase in

the concentration of unburned and partially burgases and smoke within the upper layer
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* The increase in depth of the upper layer reduceheight available for (fresh) air to be
entrained into the plume. This will cause furtheerin the temperature of the upper layer
and the concentration fuel in this layer

* Due to the increase in temperature and the incneakesl concentration inside the upper
layer, combustion may become possible at the exerbetween the layers

e This adds to the heat transfer to solid objecthéncompartment

» Often, these objects will heat up sufficiently tqerience non-piloted ignition, which will

increase the total heat release rate.

When Flashover Occurs

In order for solid objects at some distance frora triginal seat of fire to undergo
unpiloted ignition, they will typically have to reive a heat flux in excess of ¥/
[Drysdale 1998].

In practice, this is typically observed when theperplayer reaches a temperature of
around 500 or 600°C [Walton, Thomas 1995].

Both of these observations have been used by \&w#dathors as criteria to define when

flashover occurs in numerical simulations.

It is not inevitable that the initial burning objfeawill be able to supply enough energy to
create the conditions necessary for flashover [@akes 1998]. The heat release rate must be
sufficient to compensate for conductive losses uphothe walls and convective losses
through the vent, and to raise the temperatur@enupper layer sufficiently. An estimate of
the minimum necessary heat release rate, and thnerisfe minimum necessary fuel flow rate,
can be obtained from a model for calculating the tgmperature for pre-flashover — i.e. fuel-
controlled — fires and extracting the heat releate that produces a temperature equal to
some critical value (most authors recommend 60(%alton, Thomas 1995], [Drysdale
1998].
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Combustion in the Upper Layer

Ignition of fuel stored in the upper layer is onfetlte key phenomena associated with
flashover. Studies of the interaction between flaraed smoke layers were performed by
Hinkley et al[1984] and by Beyler [Beyler 1984], [Beyler 1986].

The work by Hinkley and his co-researchers studrex role played by flames in the
upper zone to fire spread [Hinkley al 1984]. They ran a series of experiments with wood
crib fires and with fires fuelled by gas burnerdyereby the crib or burner was located
underneath a channel which was open towards thersidé. The channel was 7.3 m long and
1.2 m wide and 0.5 m deep

Beyler's work [Beyler 1984] formed part of a stulibpking at the composition of the
atmosphere inside the upper layer. It involved erpents with gas burners and pans of liquid

fuels located underneath a circular hood of 1 rmei&r and 0.5 m depth.

EXHAUST

D —
s

AND GAS
SAMPLING

BURNER

Fig. 1.8: Schematic of the experimental geometedus Beyler's work.

In a two-layer system, air is entrained into thedo part of the plume. Both Hinkley and
Beyler observed that the entrainment of air betwinenlayers other than via the plume is
negligible. This is due to the fact that the stredifion between the upper and lower layer is

thermodynamically stable.
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If the lower layer is deep enough for the plumestdrain more than enough air than is
needed for complete combustion, then the exceswithibe transported to the upper layer.
However, this does not mean that the fuel will 3seelly have been completely consumed
before entering the upper layer.

If the fuel flow rate is sufficiently high or thasance between the base of the plume and
the layer interface is sufficiently small, thennflas will reach into the upper layer, and

possibly impinge on the ceiling and run underndla¢hceiling.

As the smoke layer becomes deeper and/or the lgumaite increases, there may be
insufficient air entrained into the plume to all@@mplete combustion. In this case, un- and
partially combusted fuel will enter the upper lay&his opens the possibility of the fuel
concentration inside the upper layer becoming g Isio that combustion can occur at the
interface between the two layers [Beyler 1984 njthey et al 1984].

However, the presence of fuel in the upper layenas a sufficient criterion to allow
combustion at the interface to take place. The s@gties in the upper layer act as heat sinks,
and if the concentration of inert species is toghhithen flammable conditions cannot be
obtained [Beyler 1984].

A premixture of fuel and oxidant can only burnhetconcentrations of the components
are within certain limits, whereby these limits dag on the species involved, the temperature
and the pressure.

The lower flammability limit of most hydrocarbonsthe most fuel-lean mixture which
will burn — corresponds to a mixture which, undéiahatic conditions would produce a flame
temperature @diabatic flame temperature€’) of 1550 K + 50 K [Drysdale 1998]. This fact
allows the lower flammability limit to be estimatédm an adiabatic heat balance. If the
thermal capacities of the involved species aremsduto be independent of temperature and
average values are taken for the range of tempes&ncountered, one obtains

Ah, = zpmductﬁ(mﬂcp_i (T, -T, )j (1.12).
F
whereAh, is the heabf combustion per unit mass of the fugl,/ m. the ratio of the mass of

each product to the mass of the fugl; the specific heat capacity of the producT, the

initial temperature of the reactants ang the adiabatic flame temperature (1550 K).
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The concept can be adapted to estimate whethert@ stoeam of fuel and inert gas can
sustain a diffusion flame. The minimum necessarydaacentration in the stream of fuel and
inerts equates to the lower flammability limit ofséoichiometric mixture of the fuel/inert
stream and the oxidiser stream [Beyler 1984].

Using this concept, Beyler developed a criteriomtiicate whether or not combustion at

the interface can occur [Beyler 1984]:

[rn': - m”;r, }Ahc > zproductsmcp—iATadiabatic ( 1.13 )

fuel_consumed_by_plme_air

fuel_in_upper_layer

potential HRR

wherer is the stoichiometric ratid\h. the heat of combustion per mass of fuglis the i-th

product species and,.i the corresponding specific thermal capacity &Tdgiabatic IS the
difference between the initial temperature andctitecal adiabatic flame temperature.

Hinkley noted that the thermal expansion inducedthi® combustion at the interface
generates turbulence, which enables air to be irattanto the upper layer, leading to the
occurrence of combustion practically throughout diepth of the upper layer [Hinklest al
1984].

1.2.3.2.3Fully Developed Fire

By definition, flashover ends when all the combhistiobjects in the compartment are
alight. The fire will thus have entered the thirdaplé — that of fully developed fire’, also
often known aspost-flashover fire’ [Drysdale 1998].

During this stage, the rate at which the solid faelonverted into vapour will typically be
higher than the combustion rate which is possibta the available air. The heat release rate
inside the compartment is therefore in a first agpnation dependent only on the air supply,
which is itself dependent only on the geometry lid vent. Such behaviour is known as

“ventilation-control” [Drysdale 1998].
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Fig. 1.9: Schematic of the mass flows in a ventitatontrolled compartment fire

Vent Flow Rate and Heat Release Rate

Typically, the atmosphere inside the compartment nal longer show a discernible
division into an upper and a lower layer. The atrhesp will be well mixed, with air,
combustion products and flame being present throwigithe compartment, and the

temperature being fairly homogeneous [Drysdale ]98@rlsson and Quintiere 2000].

It can be shown that under such conditions [Drysd&98], [Karlsson and Quintiere

2000], the flow rate of air entering in through tfemt m, is roughly equal to

M, = 059/ .. A Hy = 05/, F, (1.14)
WhereAy is the area of the vertt, the “effective height” (for a simple door or windpthis
is equal to the height of the opening) afg :A,Hé is the ‘ventilation factor”, first

defined by Kawagoe from experimental observatiobsygdale 1998]. As for most
hydrocarbons the amount of heat released per nmissfwair consumed is roughly constant —
about 3 MJ per kg of air — the heat release ratdbeaobtained by multiplying the air flow rate

by this factor
Q= Ah,r, = 3%/ 05X/, F, =15W/ . F, (1.15).
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As complete combustion of the fuel is not possiblighin the boundaries of the
compartment, flames will extend out through thetv&his gives rise to the possibility of the

fire spreading to adjacent compartments [Drysdags].

Distinction between Fuel-Control and Ventilation-Catrol

There is a clear theoretical definition to demarch&ween fuel- and ventilation-
controlled regimes: Ventilation-control exists ihebry when the air flow rate into the
compartment is less than that required for comptetabustion of the flammable gases and
vapours in the compartment.

In practice, as combustion occurs over a finiteetiand volume, the effects of the
limitation of the ventilation can be observed wilea ratio between the fuel flow rate and the
flow rate of air entering in through the vent igl stell below the stoichiometric ratio. In
their description of experiments involving forceehtilation, Backovskgt al [1989] spoke of
fire behaviour akin to ventilation-control when the flow rate was up to three times that

required for combustion of the fuel.

Definition of Equivalence Ratios

Despite the divergence between the theoreticaldvdretween the regimes and the border
observed in practice, equivalence ratios — the wfasime comparison of fuel and air flow
rates — are nevertheless useful for characterasing.

There are three basic cases which can be distirgpliish

» the vent flow rate is greater than that requiredum the flammable vapours that are
produced in the compartment. In this case, theflgas exiting the compartment
contains more air than necessary to combust alywheh does not burn in the
compartment.

« the vent flow rate is insufficient to combust &étfuel, but greater than that required
to combust that part of the fuel which burns inside compartment. In this case,
some air is contained in the exiting gas flow, tautthe complete combustion of the
fuel, some air from outside the compartment is edspired.

* the vent flow rate limits the amount of combustimside the compartment. In

practice, because the reactions take a finite atnmiutime to complete and because
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mixing is not perfect, it is impossible to creatmditions where all the oxygen which
enters the compartment is consumed inside the comeat. However, the oxygen
supply can be low enough to limit the amount of bastion which occurs inside the

compartment.

In order to describe mathematically these threees;a$wo equivalence ratios are
necessary.
 the global equivalence rati@goba, defined using the air flow rate into the compain
and the total fuel flow rate

me

¢g|obal = n‘liient ( 116 )

» the internal equivalence rati¢;,, based on the air flow rate into the compartnaemt the
fuel combusted inside the compartment
rﬁcomb—in

o, = Then (1.17).
r

The internal equivalence ratio cannot be greater thaty, as the amount of fuel combusted

inside the compartment cannot be greater than(,,). As the amount of fuel which is

combusted inside the compartment cannot be gréaerthe total amount of fuehgiopa =
in-

The first case corresponds to a situation where bbthese equivalence ratios are less
than unity. In the second casigyona Will be greater than unity angl, less than unity. The
third case corresponds to conditions where thenatequivalence ratio is practically equal to

one.

Experimental Distinction between Fuel-Control and \éntilation-Control

Because in practice the transition between therggomes is not sharp, the equivalence
ratios do not determine exactly at what point tleéaviour of a fire changes. Several other

criteria have been proposed by various authorgteadcate between the two regimes.

External Flaming: Several authors suggest that a criterion to djstsh between pre- and

post-flashover fires can be based on the presemteature of external flaming. As most real-
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life compartment fires are fuel-controlled befotashover and ventilation-controlled after
flashover, it should follow that external flamingrcbe linked with ventilation-control. In
post-flashover fires, flames typically fill a largeart of the vent and extend out of the
compartment. In pre-flashover fires, there may draes flames which extend out through the
vent, but they are much smaller [Drysdale 1998].

However, in the experiments described in the lal@pters of this report, where the fuel
source is just below or inside the smoke layer fidr@es always extend out through the vent
whenever the fuel flow rate is high enough to sunstambustion. Therefore, the presence or

absence of external flaming cannot be taken asdicator of the combustion regime.

Combustion Products: Ventilation-control is sometimes associated wilbwaer combustion
efficiency than fuel-control, and hence to the emois of greater quantities of smoke relative

to the fuel flow rate.

Layer Depths: It is generally observed that the interface betwibenupper and lower layers
remains at an almost constant height throughougiineth of a fire while it is fuel-controlled,
and that the interface quickly drops almost to tloer at flashover — i.e. when the fire
converts from fuel-control to ventilation-contrdDjysdale 1998], [Karlsson and Quintiere
2000]. This observation has been given a theoreliaeking by Prahl and Emmons [Prahl,
Emmons 1974].

1.2.3.2.4Decay Phase

This maximum heat release rate will be maintained thre fuel sources start to become
depleted and so the pyrolysis rate drops. The fiters the ecay phasg which lasts until
burnout of the fuel sources [Drysdale 1998], [Ksols and Quintiere 2000].
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1.2.3.3 Underventilated Compartment Fires

If the ventilation is severely restricted, therstmay reduce the air flow to a point where
the pattern of behaviour described in the last paganot establish itself, and in extreme
cases combustion may not be sustainable. In thm®rte such fires will be termed
“underventilated”, although to prevent possible confusion, the autteels it important to
point out that some experts use the term undetagdi to describe any compartment fire
where the air supply is less than that requiredsforchiometric combustion of the fuel; in
practical terms, this definition covers all vertiba-controlled fires.

There is a wide range of behaviour patterns whicke Haeen observed in cases with
severely restricted ventilation [Gross and Robertd®65], [Takeda and Akita 1981],
[Sugaweet al 1989], [Hayasakat al 1996], [Audouinet al 1997], [Drysdale 1998], [Karlsson
and Quintiere 2000]. The currently available knowkedoes not allow predictions to be made
about what will occur under given circumstancesjtdsgs not been possible to undertake
systematic experimental exploration of such filgs;ause the key parameters can be varied
almost infinitely — nature, number, location, siaad shape of vents; geometry of the
compartment; geometry, makeup and location of $oelrces; insulation of the compartment
boundaries. For many of the phenomena, the mecharase not well understood.

In the following paragraphs, some of the phenom#hva have been observed are
described. Many of them bear resemblance to phemamdiich can occur when the fuel
source is located just underneath the interfacsdeat the upper and lower layers or inside the

upper layer — as will be explored in Section 1.2.4.

One point which is relevant to all the phenomeres@nted below is that when and if the
flames extinguish, there will often be enough retated in the gases in the compartment and
in the walls for the fuel source to be the recipiehsufficient heat transfer for pyrolysis or

evaporation of fuel to continue [Drysdale 1998].

Extinction

If the compartment is hermetically sealed, thenfiteewill initially be sustained by the
oxygen which is present in the compartment befoedfite started [Drysdale 1998], [Karlsson

and Quintiere 2000]. Oxygen depletion will howeegentually lead to the fire extinguishing.
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Extinction of flaming combustion will occur while éhoxygen concentration is still well
above zero - specifically at about eight to elepercent, depending on the temperature [D.
Drysdale, private communications]. This is very muichcontrast to the conditions which
exist inside the upper layer in a ventilation-coléd case, where the oxygen concentration
has been observed to drop almost to zero. Smontleombustion on the other hand may

continue at oxygen concentrations as low as 3%0[B. Drysdale, private communications].

A complete absence of ventilation is not requiredptoduce extinction [Gross and
Robertson 1965]. If the vents are small enough hiydrostatic pressure difference between
the top and bottom of vent will be too small to mgmne the pressure rise inside the
compartment due to thermal expansion, and thusshugke and gas will flow outwards

through the entire surface of the vents, preverdinfrom reaching the seat of the fire.

Breathing

Scenarios have been observed [Fire Experimental 1997 b], in which smoke and gas
initially exit though the whole area of all availalvents; the fire then dies down, leading to a
cooling of the atmosphere inside the compartmedttaarmal contraction. Air is thus drawn
into the compartment, and reinvigorates the fieading to a renewed heating of the
atmosphere inside the compartment and reversahefflow through the vent. This can
produce a cyclic behaviour of alternating phasemfddw and outflow of gas through the

vent.

Sugawa’s Ghosting Flame

Sugaweet al [Sugaweet al 1989], [Sugawat al1991] observed unusual flame behaviour
which they termed “ghosting flame” during a serisexperiments involving a pan of
methanol positioned at a range of heights in thatreeof a compartment. During these
experiments, the fuel was ignited, the ventilatiaas reduced to two slots located high in one
of the short walls measuring in the range of 15060 cnf, and then the pool was left to burn
itself out.

During the first “6-7 min” after ignition, there wd be an orange flame attached to the
fuel tray and impinging on the ceiling. The flameukbthen turn blue. When the tray was

located at less than two-thirds of the height ®dhiling, the flame would remain attached to
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the pool throughout the test. Different behavio@svebserved when the tray was two thirds
of the height of the compartment. Sugawa describedlames as follows:

“After about 10 min after the ignition, the flametdched from the fuel surface ...

it floated just under the ceiling like a crown shallyfish or like an aurora

having very thin skin-like flame showing a widthafout 5-10cm and a diameter

of about 40cm....

“During the burning state, a pulsation frequencythe flame of about 3 Hz was

observed and it continued before the ghosting...pthgation frequency decreased

abruptly about 3 sec before the ghosting beginhisgigawaet al 1991]

The behaviour of these flames bears some resemblartbe blue observed by Coutin

[Coutin 2000], [Coutiret al 2000] which are described in Section 1.2.4.

Spontaneous Fireballs

Various authors have noted the possibility of thersaneous occurrence of explosions
originating from an underventilated fire compartinesith wood as fuel (e.g. Hayasakaal
[Hayasakeaet al 1996], [Hayasakat al 1998] and by Sutherland [Sutherland 1999]).

To the knowledge of the author, the mechanisms haver been fully explored. It may
be that the phenomenon is linked to the “breathoiescribed above. While the fire is dying
down, but before vent flow is reversed and air 8oiw through the vent, the continuing
pyrolysis of wood will lead to an accumulation efowrned fuel in the atmosphere inside the
compartment. This mixes with air during the phasaioinflow to create a premix which is
ignited when air reaches the seat of the fire andalises the fire.

It has been observed that this behaviour pattennocaur several times in a row, as the
exiting fireball consumes all the air in the contpant and temporarily prevents fresh air
from flowing in, thus reproducing the conditions the renewed dying down of the fire and

buildup of pyrolysis products.

Audouin’s Travelling Flame

During a test with a liquid pool fire in a largeage compartment with very restricted
ventilation, Audouiret al [Audouin et al 1997] observed a flame that detached itself froen t

fuel source and moved across the compartment toethie
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Within about twenty seconds of igniting the fuekmaoke layer had formed and grown to
fill practically the whole of the compartment. Theegsure inside the compartment rose so
high as to prevent air from entering through thatvéfter about three minutes, “As the
compartment loses energy through its wall and ikensity of the fire begins to be limited by
the lack of oxygen.” The temperatures remainedyfaithble for a further five minutes, while
the oxygen concentration at low levels inside thengartment continued to sink. Then the
“flame detaches itself from the flammable surfaced astarts migrating through the
compartment to the opening”, taking two and a hatfutes to cross the eight metres between
the pool and the vent. The flame then stabiliseslfitst the vent, where it continued to burn
until the fuel supply ran out.

Bertin and Coutin [Bertiri998], [Bertinet al2002], [Coutin 2000] produced what seems

to be identical behaviour in a compartment withaa gurner integrated into the rear wall.

1.2.3.4 Special Cases

1.2.3.4.1Compartment Fires with Forced Ventilation

In some instances, particularly in some industbaildings, the ventilation rate to a
compartment is controlled. This will mean that tleatation rate is independent of the size
of the fire. This can produce specific behaviourtgras. However, little research has
previously been performed into such scenarios.

In a series of experiments with a gas burner insideompartment, Backovslst al
[1989] observed two types of behaviour, one akin fiel-control featuring clearly
distinguishable upper and lower layers, and thesrotikin to ventilation-control with the
whole compartment being filled with a hot mixtufessmoke and gas. The transition between
the two occurred when the air flow rate was abwutd or three times that required for the
combustion of the fuel.

Prétrelet al [2003] performed a study with a in a large comparit — 380 — with a
comparatively low vent flow rate of 0.33s, during which pressure oscillations were
encountered which might, under other circumstanmeste a risk of bursting or implosion of
the compartment. The fire would initially grow inzej leading to the creation of an

overpressure which was high enough to lead to d&ffoauof air though the inlet vent, thus
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starving the fire of its air supply in much the samay as has been described in Section
1.2.3.3. The oscillations occurred during the subsetjcooling phase, reaching peak values
of about = 1 kPa. It has been suggested that thes#ations are due to repeated extinction
and re-ignition of gaseous fuel [J.-M. Most, prevatommunications], although there is not

enough data available to allow definitive conclasio

1.2.3.4.2Changes in Ventilation

Some phenomena are dependent of changes in thiatrentduring the course of events.
Most notable are backdraught and the “blowtorchatff

Backdraught

There is some incoherence in the literature as vowigle or narrow the definition of the

term backdraught should be. Some authors includmghena such as the spontaneous
fireballs described on page 49 (Section 1.2.3.3)iwitheir definition [Hayasakat al 1996].
For the purposes of this report, a narrow definitwill be adhered to: a backdraught is an
event involving a fireball or explosion exiting froa vent after it has suddenly been opened,
allowing mixing between the oxygen-lean, fuel-ratimosphere from inside the compartment
and the ambient air.

The conditions necessary for backdraught are credbted a fire burns in a compartment
with insufficient air to sustain combustion. Undgrch circumstances, the combustion rate
will drop due to the lack of oxygen, while contingipyrolysis will enrich the atmosphere
inside the compartment with fuel [Fleischmagtral 1994]. If a door or window is opened, the
difference in density between the hot gases ingideeompartment and the cool gases outside
will lead to the generation of a gravity currentigrhwill transport air into the compartment
and fuel out, leading to a mixing of the two. Igont of the thus created premix most often

occurs through the rejuvenation of the originad.fir
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The Blowtorch Effect

This phenomenon, sometimes referred to as a “higbespre backdraught” occurs when a
vent is available in one side of a compartment, angent in or near the opposite end is
suddenly opened, leading to an increase in thasitieof the fire due to the increased supply
of oxygen and pushing flames out through the fiestt. Typically, the first vent will be a
doorway between the fire compartment and anotherpestment in the building, and the
second will be a window or door to outside the dind) — thus there will be a difference in
temperature and pressure between the air at esider of the fire compartment, which

probably influences the directions and rates dloaw:

1.2.4 Fires with Raised Fuel Sources

If a fuel source is located close to the ceilingert the behaviour of a fire may be

substantially different from that in cases whemefilrel source is near the floor.

Coutin performed a major study which aimed at dbsay the types of behaviour that
can arise as a function of the location of the &glrce and at understanding the behaviour of
the flames [Coutin 2000], [Coutit al2000].

Experimental work was carried out in a compartmeeasaring 0.62 m in length, 0.84 m
in height and 0.40 m in width. The front of the cartment was open except for a soffit. The
presence of the soffit ensured that in all casks/er of smoke would be trapped under the
ceiling. Two soffit depths, measured from the cegilio the top edge of the vent, were used:
0.19 m and 0.34 m. The compartment is the samesabden used for much of the work of
the current project, and is described in detaBéation 3.2.1.

The flames were fuelled with propane, supplied tghoa horizontal circular porous
burner of 60 mm diameter. The location of the bumwéhin the compartment could be

varied. Tests were performed with fuel flow ratés of up to 0.45%, which equates to an

energy flow rateH of 21 kW @h. of propane: 46.%’”/kg), an initial Froude numbdfr =
0.013 and a nondimensional heat release raf@ of21.

Only steady-state behaviour was studied.
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0.84 m

Fig. 1.10: The geometry studied by Coutin.

Many of Coutin’s observations can be correlatedhviiose of Hinkley and Beyler
described in Section 1.2.3.2.2 [Hinkleyal 1984], [Beyler 1984], [Beyler 1986].

If the burner is located low in the compartmente ttlassical behaviour of a fuel-
controlled fire is observed, with a fire plume migiabove the burner and flames impinging on
the ceiling.

As would be expected, when the burner is positioolede to the upper layer, the
behaviour is much the same as that described trosel2.3.2.2 (page 40) for a fire when the
upper layer increases in depth and approaches tinee when the distance for air
entrainment becomes too short, unburnt fuel witeethe upper layer and ignition may occur

at the interface between the two layers [Coutin20(Coutin et al2000].

Hinkley's work showed that the closer the burnetoighe upper layer, the thinner this
layer. This can be explained by the reduced distamadable for air to be entrained into the
plume before it enters the upper layer [Hinkletyal 1984]. Coutin did not observe this
dependence; this is probably due to the small sifdles apparatus.

Both Coutin and Hinkleyt al observed that the layer became deeper if thefluelrate
is increased.

Hinkley reported that for the lower values of ftlelv rate studied (up to 360 kW), the air

flow beneath interface is in opposition to the floiwhe upper layer. For the highest values of
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fuel flow rate — above the equivalent of 500 kWhere was a reversal of the flow: A layer of
air is formed underneath the smoke layer flowingvauds parallel to the hot gas and smoke
[Hinkley et al 1984]. Similar behaviour was observed by Coutinpvdescribed a layer of
outflowing air beneath the layer of smoke and fast [Coutin 2000], [Coutin and Most 2003].
This means that the interface between the zonestand cold gas is not located at the same
height as the interface between the inflowing antfl@ving currents. The consequences for

the vent flow rate have not yet been fully explored

Coutin’s work suggested that if the burner is rdisego the upper layer, then one of two
things can happen, depending on the fuel flow ratdow fuel flow rates, the flames will
extinguish, at higher rates, they will leave thefaee of the burner and become stabilised at
the interface.

Coutin observed that the minimum fuel flow ratedweefor combustion to be sustainable
depends on the depth of the soffit and on the iposih the lengthwise direction of the burner.
A deep soffit and/or a burner position close toftloat or rear of the compartment lead to an

increase in the necessary flow rate.

At fuel flow rates just above the minimum, the flarocovers part of the interface and
extends out through the vent. Blue or blue andyeflames can be observed. At higher fuel
flow rates, the flame is yellow and covers the whol the interface. The purely blue flames
particularly occur when the burner is very closéh ceiling and the deeper of the two soffits
is in place. These flames fluctuate in size, whex@bytin determined from an analysis of his

temperature data that the fluctuations are aperiodi

These flames are to some extent reminiscent of 8avheerved by Sugaved al [Sugawa
et al1989], [Sugawat al1991] (see Section 1.2.3.3, page 48).

Comparisons can also be madethe flames observed by Morehattal [Morehartet al
1992a], [Morehartet al 1992b] during a study aimed at simulating in a dyestate
experiment the conditions which occur during tfensient development of a fire, when the
oxygen concentration within the plume and the witthie upper layer may be different from
one another. The work was performed with a gas buypfeced under a hood, as shown

schematically irFig. 1.11 Air was injected into the upper half of the hdabtbugh an array of
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Fig. 1.11: Schematic of the geometry used in theéysby Moreharet al

Source: [Moreharet al1992Db]

1.6 mm holes. “The injected gas is aligned with ti@an streamline of the plume induced

flow. Excess combustion products mixed with the addie are allowed to spill out beneath

the edges of the hood and thus produce a well-efinterface between the recirculating

vitiated gases inside the hood and the cool, uacointated room air. In these experiments,

the burner surface is positioned at least 30 cnvealtbis interface.” Tests were performed

using two different fuels: methane and ethylene.

The procedure for each test was as follows:

the fire was ignited, and the fuel flow rate wasuatkd to provide flames which
were as large as possible without them reachingettien of the air inlet.

Inherent in this was the fact that the air floweratas larger than that required for
stoichiometry.

The team waited for about half an hour to allow giistem to reach a steady state.
A gas sample was taken.

the fuel flow rate was then incrementally increasedh further samples being
taken, “until further increases in the fuel floweavould cause the extinction of the
fire.” [Morehartet al1992b]

The fuel flow rate was kept constant at this maxinuatoe for 20 minutes before a

final sample was taken.
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Morehart provides the following description of hesults [Moreharet al 1992a]:
“As the oxygen mole fraction was decreased andlitions approached the limit
of flammability ... radiation from soot in the réi@an zone became imperceptible,
and the regions of combustion were marked only byeakly luminous blue
flame.”
“... the concentration of carbon dioxide and watere present in stoichiometric
proportions and no unburnt fuel, carbon monoxidetber products of incomplete
combustion could be measured” “Despite signifiadr@nges in the characteristics
of the flames, the combustion process was compésten under limiting
conditions.”
“Near the limit condition, the flames lifted fronme burner surface and were
typically attached to only a small portion of therter rim; flame geometry and
attachment fluctuated strongly.”
When ethylene was used, “it was possible to adphestfuel flow rate so that the
non-luminous ... flames were balanced 10 to 15 lsava the burner surface. With
no alteration to the fuel or air addition rateswias possible to maintain this
limiting condition much longer than the residenceet of the gas within the hood”
“... when natural gas fires at limiting conditiodstach from the burner surface,
the flames travel slowly upward away from the burbg as much as 3 to 4

burner diameters ... before complete extinction”.

In all three cases discussed — Coutin, Sugawa ameh\drt — the temperatures were low
compared to those which are typically observeduia-tontrolled or ventilation-controlled
fires with the fuel source near the floor. For bihge partial interface flames, Coutin measured
temperatures in the upper layer ranging from 35°650°C. The flame was determined to
be in the region of 800°C. Morehast al measured temperatures in the smoke layer in the
range of 100 to 160°C.

Both Morehart and Coutin concluded that the bluwowas due to absence of soot,
which itself was due to low combustion temperatiue to dilution of the fuel in combustion

products.
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Coutin performed Laser Doppler Anemometry measungsnef the velocity field in the
vent. He showed that the rate of air inflow wasatge than that needed for complete
combustion. The margin of error of these measuresnesis however too great to allow
guantitative correlations to be made between the flew rate and the fuel flow rate. The
observations suggest that the height above the @ibthe burner did not influence the vent

flow rate.

Coutin suggested that the blue flame which paytiadivers the interface is of triple flame
structure. This is supported by his observation thatedge of the flame is brighter than the
rest of it.

To some extent, the combustion is comparable with dbnditions inside industrial
furnaces with recirculation of a part of the contimrs products (“flameless combustion” or
“MILD combustion” — Moderate or Intense Low oxygBilution), whereby in those cases the

aim is to reduce the flame temperature in ordeedice the formation of oxides of nitrogen.

1.3 Aims

The current work was performed to provide new knadgée on the behaviour of fires
when the fuel source is close to the ceiling. Irtipalar, it had the following aims:
 identify the mechanisms which allow the flame tabdise itself at the interface between
the upper and lower layers and the structure ofltlue flame partially covering the
interface
» explore the effect of changes in fuel type, fuellrate (and with it the thermal output
power), the soft depth and the geometry of the varthe stability of the flame
* ascertain whether a transition from the fuel-cdte behaviour observed by Coutin
[Coutin et al 2003] to ventilation-controlled behaviour can bedarced, and if so, describe

the behaviour under the ventilation-controlled negi
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1.4 Contents of this Report

In the following chapter, the equipment used dutimg project and the measurements
performed are presented. The first section — 2.&senibes the two installations. Section 2.2
presents the burners. In Section 2.3, the diagiwstre listed: visualisation of the light
emitted by the flame, particle imaging velocime{BiV), recording of the temperatures,
analysis of the chemical composition of the uppgel and determination of the area covered
by the flame. The chapter finishes with a sectidh4-— describing the operating procedures
which were followed during the experiments togethath the results of preliminary tests
which were needed to gain the necessary experteradow the procedures to be defined.

In Chapter 3 the experimental results are preseartdddiscussed. The chapter starts with
a description, in Section 3.1, of the behaviouthefflames. Section 3.2 explores the case with
a blue flame partially covering the interface bedwehe layers, discussing the flow patterns,
flame structure and stability of the flame. SectB8 describes the area covered by the flame

and discusses the question of whether the areatebke as an indicator of the heat release
rate Q. Section 3.4 finally looks at the changes in bémawwhich occur if the ventilation is

reduced, and describes the study of the tranditoon fuel-control to ventilation-control.

The thesis finishes with a short summary of the kmiens on Chapter 4
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2 Experimental Apparatus

This chapter describes the equipment used duringrthect.

Section 2.1 provides a description of the two expental compartments — the “Bertin”
compartment in which the majority of the work wasfprmed and a larger apparatus referred
to as the “Telephone Box” which was constructedltimea study of the effects of scale.

Section 2.2 presents the fuel sources used, natnelywo burners used in the Bertin
compartment and the burner used in the “Telephon€&,Bmd also the wooden pellets used
as secondary fuel in the tests to study the patewnti the interface flames to produce
flashover.

Section 2.3 lists the diagnostic tools and the igomftions for the different
measurements. Simple visual observations were n@addetermine the conditions under
which extinction occurs, to estimate the size & #r and smoke layers, and to record the
time to ignition of the secondary fuel. Video phgriaphy was used to determine the area
covered by the flame. Particle Imaging Velocimgi®VV) was used to record the velocity
field around the edge of the flame, the flow rateio in through the vent and the flow field
around the orifice of the burner. Thermocouples wesed to measure the gas temperatures
inside the compartment and the surface temperanfrédbe wooden secondary fuel. Gas
chromatographs and online gas analysers were biatia determine the composition of the
gases in the upper layer.

Section 2.4 describes the operating procedures hwhvere followed during the
experimental work. In order for these procedures b® defined, some preliminary
measurements were necessary to provide initialresqgee with the installation. These results

also contributed to the insight gained into the na@isms involved in the studied phenomena.
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2.1 Compartments

2.1.1 Bertin Compartment

Most of the experimental work was carried out ia dompartment used by Coutin in his
study, although some modifications were made toggmmetry [Coutin 2000], [Coutiat al
2000]. The construction and geometry are describeltail in [Bertin 1998].

Geometry

The compartment was of modular construction to allawations of the configuration of
the windows, insulation and ventilation.

An inverted channel was constructed to be attathiélgde compartment at the level of the
soffit so that the flames and gas which exit thredgh the vent are forced to flow horizontally
(seeFig. 2.1andFig. 2.2.

The compartment had inside measurements of 0.62 length, 0.84 m in height and
0.40 m in width. The front side was open exceptdada@offit of 0.19 m depth. A panel was
available which could be used to increase thetsibéfpth to 0.34 m. The external channel was
1.5 m long, and 0.075 m deep. It had to be sligmdyrower than the width of the
compartment — specifically 0.36 m, due to the preseof brackets at the sides of the vent on
which the upper part of the compartment rested.

A horizontal panel could be inserted to act asisecafloor, 0.15 m above the normal
floor level, so that when it was installed togethth the 0.19 m soffit, the same vent height

was obtained as with the 0.34 m soffit and theioaigfloor.

Construction

The upper sections of the wall, the ceiling andetkiension to the soffit were constructed
from 2 mm thick plate steel welded to a steel frané insulated with a 50 mm thick layer of
Kerlan€ ceramic fibreboard.

A window of 420 mm long by 140 mm high was cut tigh the left-hand one of the side

walls and covered with fire resistant glass. It Wwawever found that this window fogs up too
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quickly with soot to be of much practical use —revehen sootless flames are studied, soot is

produced at the start of the experiment beforesyiseem reaches its steady state.

soffit

Fig. 2.1: The Bertin Compartment with the exterci@annel and wheeled frame

Hsofit

0.84

Fig. 2.2: Schematic of the Bertin Compartment shgwhe dimensions
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Two different types of module were available for kveer sections of the side walls:
* metal panels containing tubes for cooling water. gbaing system had been used during
Coutin’s work, but during the current project thesmels served only as insulated walls.

e windows of ceramic glass.

The lower section of the rear wall was formed byegtigal porous burner. This had been

used during previous research, but in the currtewlyst only served as a wall.

The floor was made of a 50 mm thick layer of fibwsulation board into which a ceramic

glass window of 0.24 & 0.19 m was incorporated.

The whole compartment was bolted onto a steel framlemounted on wheels.

The external channel was made of sheet steel, 2hicin t

Ventilation

A series of fibreboard panels of 6 mm thickness prasluced to partially block the vent

to produce a range of vent sizes. These are list€dble 2.1

description configuration heiglhty width W&, ventilation
factor Fy

full opening i 0.5m 0.4m 0.141 frr

vertical slot — [ ]

half I 0.5m 0.2m 0.0707 M

vertical slot - T 05m 01m 0.0354 A

quarter

vertical slot — [ ]

one eighth I 0.5m 0.05m 0.0177M

vertical slot — [ ]

one sixteenth I 0.5m 0.025 m 0.0088m

Table 2.1: Sizes of vent used
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2.1.2 “Telephone Box”

The second experimental compartment comprised aresglauble-walled hood. It was
designed so that smoke which spills out from unelgtim the inner hood is captured in the
outer hood and led to a chimney, allowing measunesnef the composition of the gases. Due
to its square shape, symmetrical flow fields war@dpced with the air entrainment from all
four sides being equal.

Heat loss from the inner hood was limited not jugthe insulation, but by the presence

of hot gases and smoke in the space between thedods.

Inner Hood

The external measurements of the inner hood wengthHeand width 0.80 m, depth
0.30 m. It was made from 2 mm thick steel sheeit$, kming of ceramic fibre-board — 25 mm
thick on the ceiling, 20 mm on the walls. This proed internal measurements of 0.76 m in

length and width and 0.27 m in depth

outer hoor

innel hooc
interface flame
plume

burner

arms for wood targe

fuel supplyline

Fig. 2.3: Photograph of the installation during ookthe tests
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Outer Hood

The outer hood measured 1 m square, by 0.4 m dedpvas made from thick steel
sheets of 2 mm thickness. It was fitted with a afesnof @ 0.2 m in the centre of the ceiling

through which the smoke and gases could exit.

1000

“‘~iﬁxl,
<-\Z§Q’ chimney
— outer hood

inner hood
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burner

630 | 680
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Fig. 2.4: Cutaway of the “Phone Box”

2.2 Fuel Sources

2.2.1 Use of Gas Burners to Simulate Solid or Liqui  d Fuels

The key difference between gas burners on the oné &ad liquid pools and solids on
the other is that for gas burners the fuel flove rat determined by the pressure in the fuel
supply line, whereas with liquids and solids thel fsupply rate is dictated by the heat flux to

the surface of the pool or solid. The decouplingeskived heat flux and fuel flow rate means
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that gas burners do not reproduce the increasasrsgpply rate associated with the increase
in heat flux to solids or liquids from ceilings, lgaand smoke layers, nor the drop in supply
rate associated with a reduction in heat transédoviing extinction or a reduction in
combustion rate. For an experimenting scientis$, thay be an advantage or a disadvantage
depending on his objectives.

When in the open, a fire from a gas burner willeothise behave in the same way as a

fire from a liquid or solid and have the same raﬂidH fI/D) if the Froude numbefr is the

same.

Gas burners have been used by many researchemnutate the flames from a solid
while allowing the fuel flow rate to be decoupledrh incident heat flux. Both configurations
with a burner in the open (for example [Orloff, BRes 1982]) or in a compartment (e.g.
[Thomas, Heselden 1962], [Quintiee¢ al 1984], [Backovskyet al 1989], [Bertin 1998],
[Coutin 2000], [Coutinet al 2000], [Bertinet al 2002] [Ohmiyaet al 2003]) have been
studied.

As well as the fundamental difference regardingrédgilation of the fuel flow rate, there
are several other differences between a fire fdddga gas burner and one fuelled by a solid
object or pool of liquid. When solids or liquidsrby a part of the energy released by the
combustion process is “absorbed” by the procegsyailysis or evaporation; this is not the
case when the fuel is in its gas phase from theebutThe gases and vapours which arise from
pyrolysis or evaporation will be at their pyrolysigaporation temperature, whereas gaseous
fuel issuing from a burner will normally be at a chdower temperature — depending on the
configuration it may be below room temperature ttuthe expansion which accompanies the
drop in pressure as the gas passes from a bottleetdurner, or it may be higher if the
pipeline through which the fuel flows is subjectheat transfer from the flame. When solid
objects burn, the fuel flow rate can increase lahan increase in the surface area of effected
fuel, and an increase in the flow rate per surfa®a. In the case of a gas burner, only the

second of these two is possible.

There are further differences between the behawboompartment fires supplied by gas
burners and ones supplied by solid or liquid fu#lghere is no other fuel source inside a
compartment, then flashover is not properly defi@a8olids which form char can continue to

smoulder after flaming combustion has ceased. Ebpntdehaviour does not exist for gas
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burners. If the vent to a compartment is very spalyjas burner may fill the compartment
with fuel, flushing out the air, so that a flamellvand up being stabilised at the vent; in
essence, the compartment ends up acting like amsrnh to the fuel supply line and the vent
like the orifice of a burner.

For all these reasons, gas burners have most b&en used in studies of steady-state

conditions, rather than of the growth of fire.

2.2.2 Burners used in the Study

2.2.2.1 Porous Burner

The porous burner was used in the smaller compattiiba porous burner acts in effect
as a point source of fuel. It was designed to predulow initial velocity of the fuel as it exits
the burner, so as to simulate as well as posdi@dlow of pyrolysis products from a solid

fuel.

The burner comprised a disk of sintered bronze bseidat the top of a steel cylinder (see
Fig. 2.5andFig. 2.6. The cylinder mantel incorporated a circuit oféalfor cooling water.
The diameter of the disk was 62 mm, that of thendgr 88 mm. Beneath the disk was a void

to allow the fuel flow to settle (“chamber de trailigation des gaz” ifrig. 2.6).

This burner was used with flow rates of propaine of up to 0.7%/;, which equates to an

energy flow rateH of 33 kW, giving an initial velocityiia of 0.14™/s, a Froude numbefr
of 0.03 and a nondimensional heat release@atef 30 (see Section 1.2.2). At this fuel flow
rate, a flame heighty of 0.7 m is produced, which equates to a ratiflemhe height to burner

diameter of 11.

The lower end of the cylinder was attached to an wammch in turn was attached to a

motorised 3-axis displacement table.

One disadvantage of this burner is that the 88 nameler tube acts as a non-negligible

obstacle to the air flow in the compartment.
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injector for seeding particles
(see Section 2.3.2.2)
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Fig. 2.5: The porous burner
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Fig. 2.6: Cross section of the porous burner.
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2.2.2.2 Line Burner

The line burner was used in the smaller compartniemtas designed to act as a line
source of fuel spread out across the width of tmagartment. This enabled the creation of a
flow field which was close to two-dimensional.

It was constructed from a copper tube of 8 mm exstediameter with 18 holes of 2 mm

diameter acting as upward-facing nozzles.

A fuel flow rate . of 0.719% (H = 33 kW) will produce an initial velocityinia Of
7.0™/s, a Froude numbef¥r of 80, a nondimensional heat release @tteof 9000 and a flame
height of 0.3 m. This is rather far removed from tioev typically encountered when a solid
or liquid fuel burns. However, when the burner iacpd close to the ceiling, the jets are
broken up, and so the behaviour is not that diffefiem that which occurs when the porous

burner is used, as could be observed during therempnts.

burner

fuel supply tub

Fig. 2.7: The line burner

2.2.2.3 Sand-Bed Burner

The sand-bed burner was used in the “Telephone BasxWwith the porous burner, it was
designed to produce a low initial velocity. As largfuel flow rates were used in the
Telephone Box than in the Bertin compartment, it \@ppropriate to use a burner with a

larger surface area.

68



tel-00259507, version 1 - 28 Feb 2008

The sand absorbs a part of the heat released biyreéhé\s a consequence, the fuel is
heated as it passes through the sand-bed, so Wwhkeaiisi the burner, it is hotter than is the
case with the porous burner. The fuel does not rdackemperature of the vapours and gases
emitted by a pyrolysing solid, but in comparisothaa porous burner, a sand-bed burner more
closely reproduces the conditions found when adsofiject is pyrolysed. In particular, the

comparatively high initial temperature of the fpebduces a very sooty flame.

The sand-bed burner used in the experiments cordpaisectangular steel box, open at
the top. A sheet of perforated steel was placedbiatally inside to divide the box into two
chambers: a lower gas tranquilisation chamber, tardsand-bed. The burner had a square

surface area of 0.25 m by 0.25 m. It was 0.10 npdee

It had two arms attached on opposite sides, e&hrf.long, made of a U-profile of steel
filled with ceramic fibreboard. These were desigt@dold heat flux meters and blocks or

wood to act as secondary fuel.

The burner was used with fuel flow rates of up %, or, expressed in terms of energy
flow rates, up to 55 kW. This corresponds to anidhiEroude number of 4« 10° or a
dimensionless heat release r@eof 1.2. With this maximum flow rate, flames ofal 1.1
m are produced, giving a ratio of the flame heighthe hydraulic diameter of the burner of
4.2.
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wood targets

125

Fig. 2.8: Geometry of the gas burner and secondiagy sources

2.2.3 Gas Supply

Experiments were performed both using methane aodape. The gas was supplied
from bottles through a pressure governor and a fl@sgegulator.

The flow regulator was calibrated for air, rathearthfor the fuel gases used. The
conversion factor used to calculate the fuel flaterfrom the controller display values was
only known within 10 % accuracy. This meant thatehgas the potential for the introduction
of a systematic error, although the ratio betweey #@wo given flow rates and the

reproducibility were accurate to within 2 %.
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2.3 Measurements performed and Diagnostics used

2.3.1 Imaging of Flame

Much information can be gained from simple visulkervation of the spontaneous
emission from the flame of light in the visible spream.
A digital camera and digital video camera-recordere available. Observations were

possible through the windows in the sides and ftddhe compartment, and through the vent.

Shape and Colour of the Flame

The shape, size, colour and movement of the flaro@gbe clues to the aerodynamics and
chemistry of the system.

The yellow colour normally associated with flamesnss from the incandescence of soot
particles. The hydrocarbon radicals present in mdlamit blue light, but the intensity is
normally so weak that it is not visible with theked eye above the yellow from the soot, and
so is only perceived when there is no soot presdiie flame [Drysdale 1998].

The shape, size, colour and movement were diremtlyrded with the video camera.

Area Covered by the Flame

The area covered by the flame was determined tq shedcorrelation between the area
and the heat release rate (see Section 2.3.5)sapdraof the exploration of the behaviour

regimes and the stability of the combustion.

Zone Size

As mentioned in Section 1.2.3.2.2, the depths &f dpper and lower layers vary
depending on the conditions and indicate the cotidyusegime.

The size of the upper and lower layers was detewhayemeasuring with a ruler and the
naked eye the distance between the floor and d@inecit at both the rear wall and at the vent. It

was assumed that the interface is a flat planedetthese two positions.

71



tel-00259507, version 1 - 28 Feb 2008

Extinction

The question of what conditions are necessary fstaguable combustion to be possible
and what conditions will lead to the flame extirghing is fundamental to the ability to

predict the behaviour of a fire.

In order to explore the interface between thoseditimms which allow sustained
combustion and those conditions which do not, tmétd must be approached from the side
where combustion is possible. Observations can ddenthat the flame extinguishes if the
fuel flow rate or the ventilation is reduced fromvalue at which sustained combustion is
possible, whereas obviously self-ignition is notb® expected if the fuel flow rate or the
ventilation is initially set below the minimum va&unecessary to sustain combustion and then
raised above this minimum.

Within this project, conditions are defined as péing sustained combustion if
extinction is not witnessed within ten minutes bbse conditions being implemented. It
should however be borne in mind that, because xtiaction limits are approached from
conditions of higher fuel flow rates, and hencehkigtemperatures, this procedure may lead
to the limits being recorded at slightly lower fiilelw rates than is actually the case, i.e. that
unsustainable cases are likely to be recorded staisable, while sustainable ones are not

likely to be recorded as unsustainable.

2.3.2 Velocity Measurements

Particle Imaging Velocimetry (PIV) is an opticatbmique to determine velocity fields in
fluids. It involves “seeding” the flow, that is gisrsing visible particles, vapour droplets or —
an option with liquid flows — gas bubbles in theidl flow field, shining a sheet of light
through the region of interest, and taking two plcaphs in quick succession of the light
from the sheet scattered by the particles (Mietegag) [Dantec 2002]. The displacement is
then calculated between the image of the partioteshe first photograph and the image on
the second. The calculation is performed by dividimg image into “interrogation windows”
of a set number of pixels and performing a cori@tatalculation between the corresponding

windows in each photograph.
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This technique was used during the current progedetermine the velocity of the gas at
the edge of the flame, the flow rate of air in through the vent, and flosv pattern around

the orifice of the burner.

2.3.2.1 Equipment

The PIV system used was built by LaVision.

Laser

The laser used was a Quantel CFR 200 dual-cavityf A@: pulsed laser. It gives a
maximum output of 125 mJ per pulse, with a pulsetion of 6 ns. The time delay between
pulses can be varied betweemd and 0.1 s — the appropriate value being deperafetite
gas velocities which are to be resolved. The bearalvaidth of 0.6 mm at half intensity.

The light emitted by such lasers is in the infraraage (the wave length is 1064 nm). To
obtain light within the visible spectrum, the beapassed through a potassium dihydrogen
phosphate crystal (K#PQy, also known as KDP) — this material has the prypefrchanging
the frequency of light that passes through it [Elamd Crystals 2006]. As the light passes
through the crystal, its wavelength is halved t@ 68, which equates to a green colour.

The beam is then passed through a prismatic legerterate a light sheet with an opening

angle of roughly 60°, while retaining the beam Wwidf 0.6 mm.

Camera

The camera used was a LaVision Flowmaster 3 CCDrdedacouple device) digital
camera specifically designed for the use with Pystems. It can store the information from
one exposure directly on the CCD chip, allowingeacshid image to be taken after a delay
which is shorter than that necessary to transteirtformation from the camera to the control
unit. The first frame is taken with an exposure tiai€l0 ys, the second with 125 ms. The
time delay between the two frames must be synckedniith the delay between laser pulses.

The camera has a resolution of 1240048 pixels. Its lens has a focal depth of about 5

mm.

73



tel-00259507, version 1 - 28 Feb 2008

Filter & Shutter

Under normal operating conditions, a filter is fix® the camera lens to block light from
sources other than particles scattering the lighihfthe laser. The filter used had a 10 nm
bandwidth centred around the wavelength of ther |&32 nm.

In order to be able to correlate the velocity fielith the position of the flame, the
measurements around the flame edge were perform#uul this filter. Under these
conditions, a liquid-crystal shutter was instaltedreduce the exposure time for the second
image of each pair, as the light from the flame &tasng enough to risk damaging the CCD
chip if the full 125 ms exposure time were allow@&tie light scattered by the particles was
brighter than the flame, but lasted only for theation of the laser pulse. Therefore, by setting
an appropriate exposure time, it was possible fatuca both the light scattered by the
particles and enough light from the flame to allibwo be visible on the image without the
light from the particles being drowned out. The appiate exposure time depended on the
luminosity of the flames: for orange flames, a 15 exposure time was chosen; for blue

flames, the time was 50 ms.

Seeding

The seeding needed to be adapted to the individeakarements.

For the measurements made in the upper layer ahe wicinity of the flame, the seeding
must be heat-resistant. Because of this, solidgbestwere used. Specifically zirconium oxide
was chosen as it had less of a tendency to calehigin lumps as did the other types of
particle which were available.

Solid particles need to be injected into the systath a gas flow. Injection with the fuel
flow through the burner was not possible becausefliw rates were too low for sufficient
particles to be entrained, and for safety reasamtalse the seeder was not gastight. In
addition to this, seeding is not possible through porous burner, as the particles would get
trapped in the pores. It was therefore necessamjéot the particles into the compartment
with a separate gas flow. It was found that if gaticles are injected into the upper zone,
enough would filter down to the layer of fresh #rallow measurements at the interface
between the upper and lower layers. Nitrogen wasd,uas air would have substantially

influenced the combustion. The flow rate was sethat minimum necessary to provide
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enough particles, but so as not to disturb ftbev patterns more than could be avoided;
specifically a value of 0.2810° m/ was set.

The injection systems are presented on the follgyiages with the presentation of the

configurations.

The measurements in the lower layer were performid paraffin fog (“disco smoke”),
as it is cheap, can be administered with a lowalntelocity so as not to perturb the flow, and
follows the air flow well. However, at high temptrees, the paraffin droplets evaporate, and
so the fog cannot be used in proximity of the flame

The fog was produced with a Z 1500 model generatakrtari from Eurofluid fog fluid.
The droplets have a characteristic diameter ofith3

The fog is led from the generator to a box whicledas a tranquilisation chamber. The
box had a slit on the top side, parallel to thet\enin other words at right angles to the laser
sheet). The fog flowed out through this slit and wagained into the compartment with air

flow.

Control Unit

The laser, camera and shutter were controlled andhsynised, and the data were
collected with a PC-based control unit.

The system allowed an acquisition frequency of 2 Hz.

Treatment parameters

The vectors were calculated from interrogation wimsl@of 64x 64 pixels. The quality of
the seeding did not allow smaller windows. To inseethe number of vectors obtained, the

windows were defined with 50 % overlap of neighlsour

The vectors were calculated via two iterations of ttross-correlation calculation,
whereby the interrogation windows for the secoedation were shifted by the equivalent of

the displacement calculated in the first iteration.

Two algorithms were used to remove unwanted veftox¥isioN 2002]. Vectors were

removed if
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G~ Coae 26 (2.1)
C,-C

base

whereC; andC; are the values of the highest two peaks of theetadion function andCpase
the baseline value of the correlation function. tdex were also removed if they fell outside
the range of the value of the median of surroundiagtors plus or minus the root mean
square of the six surrounding vectors which arsedbto each other in value; if a vector is
rejected by this algorithm, then the three vectowsresponding to the next-highest peak
values of the correlation function for the interatign window are compared to the median of
the surrounding vectors, and if one of them falithiw the range of median plus or minus root

mean square, it is considered as the valid vector.

2.3.2.2 Velocity Field around the Burner

Concept

As part of the study of the aerodynamics in theenmpgayer, measurements were made of
the velocity field around the burner.

These measurements were only performed with theugdrarner.

Configuration

The measurements were made in the central pin® M, = 0).

The laser light was projected into the compartmierdugh the window in the floor.

As this window was to the rear of the burner araligght cannot pass through the burner,
measurements were restricted to an area behirulther — se€ig. 2.9

The camera was positioned to look through the windwaerporated in the upper half of
the left-hand wall. The field of view measured 0.1#@5n length and 0.100 m in height and
was located between= 0.102 m (0.1&) and 0.277 m (0.44), andy = 0.70 m (0.83) and
0.84 m (1.0H). This equates to a pixel for every 0.14 mm; thernogation windows (64

pixel x 64 pixel) equated to an area of 8.8 mm x 8.8 neaKg). 2.9.
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Seeding

Zirconium oxide particles were injected via a cappeil surrounding the burner, with

eight holes producing upward jets parallel to tined flow.
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Fig. 2.9: Fields of view for the PIV measurements

Accuracy

These measurements were primarily performed to gajnalitative insight into the flow
patterns. Therefore, detailed questions as to thatdative accuracy of these measurements

were not posed.
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2.3.2.3 Velocity Field around the Edge of the Flame

Concept

A combined recording of the laserlight scatteredtliy seeding particles and the light
from the flame allowed the velocity field to be elehined relative to the flame.

Due to the low acquisition frequency of 2 Hz, itsnaot possible to resolve the movement
of the flame edge relative to the experimental egipa. However, as the location of the edge
of the flame fluctuates around a mean position atrerage velocity of the air and upper layer
gases at the flame edge relative to the compartiseatual to the average velocity at the
flame edge relative to the flame. Therefore, by sttbrg the individual fields of velocity
vector to a coordinate transfer relative to theeedigthe flame, an average vector field can be

calculated, showing the movement of the gas artlmmdame edge relative to the flame.

Configuration

The laser was positioned to project the light imtigh the vent.

The measurements had to be performed with the eattelnannel removed, so as to create
space for the laser heads.

The camera was positioned looking in through thedews in the lower section of one of
the walls. The field of view was located in the cahplane £ = 0 m) in a field of view
measuring 174 mm in length by 100 mm in heightated betweer = 0.24 m (0.41) andx
= 0.44 m (0.74.), and betweey = 0.43 m (0.5H) andy = 0.50 m (0.6(H) (seeFig. 2.9.
This equates to a pixel for every 0.14 mm. The ingation windows (64 pixex 64 pixel)

equated to an area of 8.8 mm squared.
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Fig. 2.10: Compartment and PIV system for the mesmsant of the velocity at the flame

edge.

Seeding

Zirconium oxide particles were injected into thepap layer through a copper tube
inserted through the ceiling and containing eigbles to produce a horizontal fan of jets. It
was shown that sufficient particles flow from thgper layer to the lower layer to allow the

velocity field immediately below the smoke layeti® recorded.

Accuracy

The gas velocities fluctuate significantly — valwesre recorded varying from 0™ to
0.8"/s. The analysis of the data was restricted to avevafjees. A comparison of data from
several series of measurements suggest that annesrgin of £ 10 % should be attached to

the averages.
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2.3.2.4 Vent Flow Rate

Concept

The velocity field was determined in the centrahgl®f the vent. From this, the velocity
field through the vent was extrapolated. The aiwfleate is estimated by a numerical

integration of the velocity data over the surfatée vent.

Configuration

The available equipment did not allow accurate measeants to be made if the whole
height of the vent was included in the field ofwief the camera. Therefore, the plane was
divided into three fields of view, and the velodityld was determined for each individually.
These fields of view are illustrated kig. 2.9 They each measured 122 mm in length by 103
mm in height, giving a resolution of 0.098 mm pi&tepor 6.3 mm per interrogation window

of 64 x 64 pixels.

The laser was positioned to project its light inotigh the vent. The camera was placed
beside the compartment, looking in through the widn the lower half of one of the walls.
The measurements had to be performed with the ettehannel removed, so as to create

space for the laser heads.

Seeding

Seeding was performed with paraffin fog (“disco &ei), as described on page 74. As
mentioned, the fog evaporates when it gets nediahees, and so seeding is not available for
the region immediately below the flames. Howeeeg, &ir in this region flows outwards, not

inwards; the whole of the inflowing stream was sekd
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Fig. 2.11: Installation with the PIV configuratidor measuring the vent flow

fuel line laser
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Fig. 2.12: View from in front of the compartmenbwing the box used as a tranquilisation

chamber for the seeding flow.
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2.3.3 Temperature Measurement

Temperature measurements were performed with tygehkomium-nickel/aluminium-

nickel) thermocouples.

Thermocouples

Bertin Compartment

For the Bertin compartment, one thermocouple tréth wwvelve thermocouples was
available. Due to technical problems, the tree madified several times throughout the tests,
so the heights of the thermocouples are not the samach test.

The thermocouples made from wire of ® diameter, welded end to end, so there was
practically no “bead” of larger diameter at thenjoiFor the method of fabrication, see
[Poireault 1997]. Using Neveu's model (see [Poilted997]), the time constant was
calculated as

2
_ pGast—Gadeire

= 60us 2.2
© = INGy O (2.2)

Gas

with pcas Cp-cas @NdAgas being the density, thermal capacity and thermabootivity of the
atmosphere in which the thermocouple is locatkg,. the diameter of the wire of the
thermocouple, antlu = (0.24 + 0.56R€** the Nusselt number for a Reynolds numRex

44 calculated with the thermal properties of the gad the diameter of the wire.

Measurements of the surface temperature of theswfdlor and ceiling were performed
with sheathed thermocouples. These were made of wire.15 mm diameter, with a bead of
0.4 to 0.5 mm. The outer diameter of the sheath Wwasn. According to the manufacturer,

the time constant is 0.15 s.

The radiative losses were considered to be low éntwudpe neglected as there is only a
fairly minor difference in temperature between tieermocouple and the walls of the

compartment and as the absolute temperatures avenycigh.

82



tel-00259507, version 1 - 28 Feb 2008

Telephone Box

Measurements were made of the surface temperatihe ovood targets using sheathed
thermocouples.

The measurements are expected to reliably reprothéceemperature up to the time of
ignition, but after ignition, the pyrolyis of theomd may lead to the thermocouple losing
contact with the wood. Also, the flame will tend tocrease the temperature of the

thermocouple.

Datalogging

The thermocouples were plugged into a multichanrahldgger with a maximum
acquisition frequency of 2 Hz. This meant that tinleetlapse between measurements was
much larger — in the case of the fine-wire thernuptes, several orders of magnitude larger —
than the time constant of the thermocouples, antheonal inertia of the couples did not
significantly affect the results. However, this laequisition frequency did not allow the rise
and fall in temperature caused by the passagesdfaime over a thermocouple to be properly

logged.

2.3.4 Chemical Analysis

It was not possible to obtain instantaneous measemes throughout the upper and lower
zones. Equally, the technology available did nadvalb probe to be installed to follow the
flame so as to take samples from a position defiakdive to the flame.

Instead, samples were taken from a few locationthé upper zone. Online analysis
allowed the development over time of the conceioinat of the major species to be
determined. Gas chromatography was used to obtairage values of the concentrations of
most of the stable species present.

The atmosphere inside the upper layer is constamlymovement and is not
homogeneous. Therefore, variations in the concemtiatof species between samples are

greater than the inaccuracy of the analysis teclasig
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Sampling

Samples were drawn through a steel tube insertedidh the ceiling. Its thermal inertia

led to a quenching of the chemical reactions, 3y thie stable species were analysed.

Online Analysers

A bank of on-line gas analysers is available inl#b®ratory. However, only the analysers
for carbon monoxide, carbon dioxide, methane ahgete are working reliably.

Because of the difficulties filtering the smoke rfrathe gas samples, the use of the
analysers is restricted.

The tube transporting the sampled gas from the exrpatal installation to the bank of
analysers is thermostated at 60°C to prevent theerwaapour from condensing and thus
prevent the other gases being dissolved in thedigpater. Any water vapour in the sample is
extracted immediately prior to analysis, so thiscsgs is always missing from the total.

The reaction time of the analysers is too slow tfto follow the instantaneous changes in
local concentration, although it can follow thenuleafter ignition of the burner as the
originally fresh air in the top part of the compaeint is replaced with fuel and combustion

products.

Gas Chromatography

Samples were collected in steel syringes with amel of 0.9 .
The water vapour was removed from the samples fwianalysis, but the concentration

of water vapour can be deduced from the amounaidifon present in the samples.

The samples were passed through two chromatographs.

The hydrogen concentration was determined with gargbus by Girdel. Argon was used
as a carrier gas, flowing at 0.83L0°% ™/ (20 ™/min). A Tamis 13 X column was used, heated
to 42°C. The detector was of the thermal condugtiype (TCD), thermostatted at 70°C.

For the analysis of the content of hydrocarbonshar samples, a Perichrom 2100 was
used. The carrier gas was helium. The samples wssegdhrough three columns, all heated

to 80°C. One line passed 0510° ™/ (30 ™/in) Of carrier gas through a column with an

aluminium matrix in a/g-inch stainless steel tube and through a flamesaitin detector
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(FID) at 250°C. A second line passed 0:380° ™/ (20™/in) of carrier through a Tamis 5A
and a Poropack Q, and then through a TCD at 140°C.

The technicians operating this equipment estimdtecdetrors to be about plus or minus

5 % of the output values.

Fig. 2.13: A sample being taken for analysis thénthe gas chromatograph

2.3.5 Area Covered by the Flame

2.3.5.1 Aims and Concept

Aims

As mentioned in Section 1.2.2, Orloff and De Ri982] observed during tests with
horizontal gas burners that for a wide range of flogv rates and burner sizes, the volume of
the reaction zone was roughly proportional to teathrelease rate. If a similar correlation
between the amount of energy released and theos$itiee flame could be found for the
interface flames, this would for example allow atitiction to be drawn between the amount
of heat released by the part of the flame whicimsgle the compartment, and the part which
is outside. It was not expected that a link woudddetermined with sufficient accuracy to
allow the combustion efficiency to be determinede- to determine the ratio between the

amount of fuel injected into the compartment and #mount of fuel which is in fact
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combusted. However, information gained may be uigefuvards the study of to what degree
the vent flow rate is determined by the total hesdéease rate and to what degree it is
determined by the heat released inside the compattm

The search for a correlation involved answering tjoes such as whether the
combustion efficiency remains constant or whethenentilation has an influence on the size
of the flame — does the decreased oxygen suppitivet compartment lead to an increase in
the size of the internal part of the flame and/oegithe reduced oxygen supply increase the
time it takes for the fuel to combust (which woldéd to an increase in the length of the

flame).

The area covered by the flame — or more precisa@yatiea covered by the part of the
flame which is inside the compartment — was alssduss an indicator of the stability of the
flame. The concept of stability is important parkasly for numerical modelling. Three cases

can be distinguished, according to the surfacereoviy the internal part of the flamg,n:

_Afl —in

+ stable flames: =1

Aﬂ —in
A

* unstable flames0 < <1

Aﬂ —in
A

* extinction: =0

whereA. is the floor area of the compartment.

Definition of Quantity to be Measured

In the most commonly studied compartment fire sdesathe part of the flame outside
the compartment is vertical, whereas any flamegléenshe compartment at the interface
between the upper and lower layers will be predamiy horizontal. Due to this, the
buoyancy effects on the two parts of the flameramteequal, in particular with regard to the
entrainment of air, making any comparison betwdentivo difficult to interpret. Therefore,
the external channel was conceived so that theagdsflames would continue to move

horizontally after they exit the compartment.

In order for measurements to be performed, thetipea@uestion needs answering as to

how to define the “size” of the flame. Engineeringdgement suggests that as a first
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approximation one can allow oneself to assumeth®athickness of the flame is constant, but
as the flame is not flat, it is not possible wilte tavailable technology to measure its surface
area.

As the flame runs horizontally, it lends itselfastudy of the projection of the area of the
flame onto a horizontal plane. It should howevebbee in mind that the internal part of the
flame is of cellular nature, with tips reaching iafo the upper layer, and is therefore “more
three-dimensional” — or in the vocabulary of frhggaometry, is of a higher dimensionality —
than the external part. A comparison of the pragest of the two areas can therefore not be an
accurate depiction of the ratio between the voluofethe internal and external parts of the
reaction zone. One of the questions which wereietuts whether or not this distorts the

resulting ratios so much as to make them irrelevant

2.3.5.2 Technology used to measure the area covered by the flame

The measurements were made by taking a series ajesnaith a digital camera,
comparing the area within the image that is covdmgdithe flame with the area of the
compartment and channel, and then averaging oeesehes of images.

The camera was placed on the floor of the laboratorgerneath the experimental
compartment, looking upwards. Images of the partthef flame which was inside the
compartment could be recorded through the windothenfloor of the compartment.

The channel was too long to fit inside the field/iw of the camera, so the external part
of the flame had to be divided into three sepassetions and the size of each section
recorded individually. The four fields of view (on@ernal, three external) are illustrated in
Fig. 2.14 The field of view inside the compartment runs from 0 m to 0.58 m (Q to 0.95
L), the first external field of view from 0.62 m 1021 m [ to 1.95L), the second external
from 1.21 m to 1.69 m (1.95to 2.73L) and the third external from 1.69 m to 2.16 m 8.7
to 3.48L). There is a small part of the flame immediatelgide the vent which was not
contained in any of the fields of view. The camer@wng angle was too small — or the
distance between the camera and the compartmersnadl — to fit the entire length of the

compartment inside the camera. The same sectidmeahterface in question was not visible
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by a camera placed outside the compartment agdheddge of the floor of the installation
blocked the view. It was decided that the inacouthat this produces was tolerable.

In the field of view inside the compartment, thelfline blocked the line of sight to about
2 % of the studied area. In the first of the thegternal fields of view, the fuel supply line and
the stand holding the burner and fuel supply liteek the line of sight to 6 % of the area of
this particular field of view or 2 % of the areatbk channel. In most of the images where
there was flame above the fuel flow pipe, enoughtlwas reflected from the flame to the
camera for the pipe to register as “light” — i.&anfe — rather than “dark’/background.

Therefore the error caused by this obstruction eacomsidered to be marginal.

A

0.58 n 0.59 m 0.68 m 047m

Fig. 2.14: Configuration for the determination bktarea covered by the flame

As only one camera was available, recordings coatdoe made simultaneously from the
four fields of view, but instead a series of images taken first for one field of view, then for
the next etc. This makes it impossible to recreae instantaneous size of the flame.
However, providing the average area within eacho$amages is sufficiently close to the
average area within the field of view over timegritthe average values for the whole of the
area of the flame can be correctly created by adthe average from each set of images

because of the mathematical rule
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> x =3 %ifx=200i (23).

The images not only contain the “useful” field ofewi, but also show a part of the
surrounding walls. The DaVisimage treatment software developed by LaVisioncthi
formed part of the PIV system was used to determimeh part of the image was relevant for
the measurements.

The area covered by the flame in each image waslatdd by converting the image into
greyscale, calculating a histogram of the numbepigéls at each level of grey and then
counting how many pixels are above and below asttulel grey value which represents the
luminosity of the background. The threshold betwten“dark grey” of the background and
the light grey of the flames was determined ushwgyitmage treatment software for the PIV
system.

Average areas can then be calculated by averapmquamber of “light” and “dark”
pixels in each series of images. A sensitivity gtedowed that the number of images from

which the average was calculated could be limibe@i4t

Accuracy

A study of the images showed that the largest sooferrors stemmed from the fact that
the transition between light and dark is not cl@ad so in many cases there is a number of
pixels which show part of the background which héngesame intensity value as a number of
pixels which show flame. This is particularly theseavhen the flame is of low luminosity.
Further inaccuracies are incurred due to the effeftperspective and the relatively short
distance between the camera and the height at vilaicte was located, which meant that it
would have demanded more effort than could be ddidrto exactly draw the line around
where the flame touches the wall.

A comparison of data collected under identical winstances suggested that the spread

corresponds to up to 7 % of the average value.
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2.4 Operating Procedure

2.4.1 Ignition Procedure

Most of the measurements, particularly those inBagin compartment, were performed
with the burner located in the vitiated zone abiheelevel of the soffit.

It was found that it is very difficult to obtain stainable combustion if the burner is
located in this zone from the very beginning of th&t when the burner is ignited. Therefore,
the burner was positioned in the lower half of tbenpartment before ignition.

When the burner was ignited, the fuel flow rate waised to at least 3% (equating to
16 kW).

Initially, jet flames exist above the burner. Otlee course of the next two minutes or so,
distinct upper and lower layers establish themseltlee upper one reaching from the ceiling
to just below the level of the soffit. After abaarother minute, the combustion spreads from
the plume across the interface between the smo#teamriayers; the part of the fire plume
below the interface remains essentially unalteleti the part of the flame in the plume above
the interface disappears. The system is left foglhbuanother half a minute to stabilise and
heat up further, and the burner is then raisetstfinal position.

It was found that if the fuel flow rate was lowdran the 3.5%s or if the burner was
immediately raised into position, the flames woqtdckly extinguish — even though steady-
state burning is possible with a lower fuel floveraFuel flow rates much higher than 85
were avoided for safety reasons.

When the burner is in its final position, the filel rate can be adjusted to the desired
value. If measurements are to be made at a lovetrflw rate than 3.5/, the rate was not
usually reduced for at least half a minute after barner reached its final position, although

extinction rarely occurred once the burner wasasiton.
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2.4.2 Time to Steady State

The flame stabilises and takes on the pattern ohwetr of steady state within about
three minutes of the burner being raised into thpeu layer. However, this should not be
taken to mean that the system has reached stesdy st

In the following, the results are shown from a egmf measurements performed in the
Bertin compartment to see how long it took eachsuesd quantity to reach its steady-state
value. Some of the tests were performed for a rahgearameter values. Results shown here
are for a case where the most substantial changgist lbe expected: a flame partially
covering the interface between the hot and coldrigyof which parts are blue, parts orange
and parts amber in colour. The tests were all pexddrwith the burner locatedat 0.31 m

= 0.5L andy = 0.80 m = 0.9%1. The compartment was configured with a full-sizatve

Area Covered by Flame

Fig. 2.15shows the measurements of the area covered hintdreal part of the flame
made during a period of 1 h 40 min after ignitidhe line burner was used during this series
of measurements, with a fuel flow rate of 0%24which equates to an energy flow rate of 11
KW.

During the period of observation, there is no digant change in the area covered by the

flame.

It can therefore be concluded that the area reatheseady-state value within the first

quarter of an hour after ignition.
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Fig. 2.15: Average area covered by the flame dusraymup phase after ignition. Data is
from a configuration with the shallow soffit andiged floor; the line burner was used,
located at x =0.32 m (0.5 L), y = 0.80 m (0.94 Higl flow rate 0.24/s (equating to 11 kW)

Flame Colour

While the measurements show that the area coveyethd flame does not alter
significantly after about the first quarter of alun from ignition, the images used to
determine the area covered by the flame show tie&etoccurs a change of colour over a
much longer timeframe.

Fig. 2.16 shows a representative example of the sehafes used to create the value of
the first datapoint shown iRig. 2.15 and a representative example of an image frons¢he
used to create the last datapoint.

Initially, a large part of the flame is blue, andbse parts which are orange are of
relatively low luminosity. Over the period of abart hour from ignition, the flame becomes

more yellow and more luminous.
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Fig. 2.16: Two still images extracted from the wd®otage used to calculate the graph

depicted above. Left: 20 min after ignition; rigiB®0 min after ignition

This shows that the system has not reached steaityafter twenty minutes. However,
the available equipment did not allow a quantiat@nalysis of the colour and luminosity of

the flame, so it is difficult to define an objedaieriterion as a threshold to steady state.

Temperatures

Several measurements were made of the transiermgetatares during heating after
ignition of the burner. Only one example is presdrttere. It involved use of the line burner,
and the deeper soffit. The fuel flow rate was §/3Gvhich equates to 14 kW.

A thermocouple tree was placedxat 0.54 m = 0.81, z= 0.03 m = 0.08V. Data are
shown inFig. 2.17from thermocouples placed 0.12 m, 0.25 m, 0.37 .42 én, 0.48 m, 0.51
m, 0.56 m, 0.62 m, 0.66 m and 0.77 m above the fdddhe compartment; these distances
equate to 0.181, 0.30H, 0.44H, 0.53H, 0.57H, 0.60H, 0.67H, 0.74H, 0.79H and 0.91H.
The fluctuations in the temperature values have lsBoothed by calculating a running

average of the data over two minutes (equatingéve individual measurements).
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Fig. 2.17: Gas temperatures during a period of I@hutes after ignition. The fuel supply
was cut off after 107 minutes, which caused th@ dndemperatures from that point on. The
values shown are averages calculated over two m@td smooth the fluctuations caused be

the passing of the flame

The lowest four thermocouples lie in the lower zoRee fifth and sixth thermocouples
(lh = 0.57 and 0.60) lie close to the flame. For nodshe time, they are below the flame, but
occasionally the flame passes over them, so theagedemperature they indicate is higher
than that of the lower layer. The four thermocouglesveen’/y = 0.67 and the ceiling lie
within the upper layer.

During the first five minutes of the test, the thecouples in the upper zone indicate low
temperatures — this is the phase before the flataches itself from the burner and stabilises
itself along the interface. After this initial pleaghe asymptotic rise that one would expect is
observed, with the temperatures levelling off afleout an hour.

107 minutes after ignition of the flame, the fuapply was cut, and consequently the

flame extinguished and the temperatures startedojo.

The plot suggests that the gas temperatures take @daninutes to reach a plateau.
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Gas Species

Fig. 2.18shows the output from the methane and ethylenlysera from gas taken from
the upper layer during the first minutes after figm for a test run with a fuel flow rate of
0.309%; (14 kW). The samples were taken from the print0.16 m (0.243.), y = 0.63 m (0.75
H), z= 0.0 m (0.0M) — i.e. in the central plane, about half way bemthe layer interface and
the ceiling and half way between the rear wall dredburner.

The curves show a time lag of about six minutes fignition of the burner before
apparatus starts to respond. It is a reasonablemgs®n that there remains a constant
response lag throughout the duration of the measeme

After the analysers start to register a changeotitput takes about a quarter of an hour to

stabilise.
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Fig. 2.18: Histories of concentrations of methamel &thylene measured in the upper layer

during the first 30 minutes of a test.
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Summary and Conclusions for Subsequent ExperimentalVork

The observed times to steady state are summariSeabie 2.2

quantity time to stability

behaviour pattern 3 min

area covered by flame <15 min

colour of flame > 30 min; quantitative analysis possible with available equipment
temperature 60 min

gas concentrations 15 min

edge velocity 60 min

Table 2.2: Summary of the observations describettheprevious pages

In light of these results it was decided that theteam should be left at least an hour to

warm up after ignition before the measurementsreaee.
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3 Results and Discussion

This chapter presents the data collected duringdheus experiments.

Section 3.1 provides a description of the shape, siolour and behaviour of the flames
for various fuel flow rates.

Section 3.2 presents the results from the test®npeed to illuminate the aerodynamic
structures and the structure of the flame: PIV pgerature fields and chemical composition of
the upper layer. The question of flame stabilitgls discussed.

In Section 3.3, the data on the surface coveredhbyflame are presented and the
correlation between the area and the heat relassésrdiscussed.

Section 3.4 explores the influence of the ventlon measured quantities. After a brief
qualitative description of the changes in behaviehen the ventilation is reduced, data on the
size of the layers, the minimum fuel flow rate negdo sustain combustion, the temperatures
and the air flow rate entering in through the varg presented. The section ends with a
discussion of the transition from fuel-control ntilation-control and of the conditions under

which sustained combustion is or is not possible.

3.1 Observation of Shape and Behaviour of the
Flame

The first step in the exploration of the phenomers the description of the range of
behaviour patterns which can occur. Direct obsematf the shape, colour and behaviour of
the flame was used to identify and demarcate tffferdnt patterns of behaviour and the
ranges of conditions under which they occur.

Following on from this, more detailed observati@ighe flame provided first indicators
to the chemistry of the flames and to the mechamigmolved in their stabilisation. Of
particular interest was the behaviour of the flarear extinction, as the observations provided
clues to the influence of the parameters whichrdetee under what conditions the flame is

sustainable.

97



tel-00259507, version 1 - 28 Feb 2008

3.1.1 Overview

Table 3.1gives an overview of the types of behaviour entened during runs in the
Bertin compartment when the line burner was usszhteéd ak = 0.31 m (0.4.), y=0.80 m
(0.95H) and supplied with propane; the deep soffit waplate and the vent was otherwise
unrestricted. Most of the measurements describéterfollowing sections were made with
this configuration.

Inside the compartment distinct upper and loweelayare visible, whereby the upper
layer reaches from the ceiling to just below theeleof the soffit. The flame is located at the
interface between the two. Depending on the fuwt ftate, it will cover part of the whole of

the interface. It extends out through the vent.

3.1.2 Flame Shape and Behaviour

3.1.2.1 Generalities

In the following is a more detailed descriptiontloé shape and behaviour of the flame for
the two most extreme cases: the yellow/amber flamesring the whole of the interface
which occurs at high fuel flow rates and the blizenie covering part of the interface which
can be found if the fuel flow rate is close to th@imum necessary to sustain combustion.

The former case is taken as a baseline for the sifithe behaviour as a function of the
size of the vent — see Section 3.4. The latter esrdgime for which the search for better

understanding of the mechanisms was a main foctigeqgiroject.

In both cases, two regions can be distinguishedenthe compartment: a zone reaching
from the floor to just below the level of the sofivhich contains air, and above it a zone
containing a mixture of smoke and hot gases, imetudcombustion products, fuel and
nitrogen.

The flame is located at the interface where thesezimes meet.

98



tel-00259507, version 1 - 28 Feb 2008

U

Fuel flow |Energy Flame size Flame | Flame colour
rate flow rate shape
<0.219, |<9.8 kW no flame
0.21%to |9.8kWto |size fluctuates greatly; sometimesridge" | blue
0.27 13 kw grows to attach itself to part of the
length of the side walls,
occasionally reaches back to the
rear wall
0.27%to |13 kW to size fluctuates greatly; flame cellular | blue with occasional
0.339%; 15 kW usually reaches to the rear half qf localised flashes of orang
the compartment, sometimes
reaching to the rear wall
0.33%to [15kWto |flame spends a lot of the time | cellular | blue with occasional
0.38% 18 kW reaching to the rear wall, but is localised flashes of orang
rarely attached to this wall across
the whole of its width
0.389,to |18 kW to flame sometimes covers the whaleellular | “valleys” are blue; with
0.43Y, 20 kW of the interface; it usually reaches increasing fuel flow rate,
to the rear of the compartment and the peaks pass from blue
is usually attached to at least part purple and then orange;
of the rear wall frequent flashes of orang
and amber
0.43%to |20 kW to flame sometimes covers the whaleellular | “valleys” are blue, peaks
0.609, 28 kW of the interface; it usually reaches orange
to the rear of the compartment and
is usually attached to at least part
of the rear wall
0.60%to |28 kW to covers the whole of the interface| cellular | “valleys” are blue, peaks
0.65Y, 30 kW for most of the time amber
0.65%to |30 kW to almost constantly covers the wholeellular | amber
0.719, 33 kw of the interface
Table 3.1: Overview of the various regimes encaedtén the Bertin compartment when the

fuel source is located immediately below the cgjlihe deep soffit is in place and the vent is

otherwise unrestricted. The fuel flow rates indéchaire from tests where the line burner was

used, located at x =0.31 m=0.5L, y = 0.80 m.8%H; propane was used as a fuel.
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rear front

flame fuel supply pipe

Above: Fig. 3.1: View from underneath of the flafiree burner, large soffit, 0.2% fuel flow
rate (H = 11 kW), unrestricted vent
Below: Fig. 3.2: View from underneath of the flariee burner, large soffit, 0.3% fuel flow

rate (H = 14 kW), unrestricted vent

Fig. 3.3: View of the flame from underneath takieroagh the window in the floor of the

compartment: line burner, large soffit, 0.96fuel flow rate { = 17 kW), unrestricted vent
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Fig. 3.4: View of the flame from underneath takeroagh the window in the floor of the

compartment: line burner, large soffit, 0.%9fuel flow rate { = 19 kW), unrestricted vent

Fig. 3.5: View of the flame from underneath takierowgh the window in the floor of the

compartment: line burner, large soffit, 0.52fuel flow rate { = 24 kW), unrestricted vent

Fig. 3.6: View of the flame from underneath takieroagh the window in the floor of the

compartment: line burner, large soffit, 0.83fuel flow rate { = 29 kW), unrestricted vent
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Fig. 3.7: View of the flame from underneath takeroagh the window in the floor of the

compartment: line burner, large soffit, 0.9/1fuel flow rate { = 33 kW), unrestricted vent

3.1.2.2 Blue Partial Interface Flames

When the fuel flow rate is between 0.2dand 0.27/;, a flame can be observed which
comprises a bright blue edge and a blue sheet wikighuch less bright and is inclined
upwards at an angle of between 15 and 20° covéhimgvhole region between the edge and
the vent. There is a flame tip reaching well inte tipper layer and often impinging on the
ceiling.

The size of the flame fluctuates greatly in sizegkgby the fluctuations are aperiodic: the
flame edge sometimes remains almost steady forralegeconds, sometimes advances
towards the rear of the compartment or recedesrtsmhe vent with a velocity high enough
for it to be difficult to follow with the naked eye

Within the range of fuel flow rates where this flartype prevails, the inclination of the

flames decreases if the fuel flow rate is increased
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Fig. 3.8: lllustration of the typical shape of tfleme as seen from above, the side and the

front

3.1.2.3 Yellow Full Interface Flames

At a fuel flow rate of 0.7%/, the flame is a highly luminous amber colour (B 3.7).
For most of the time it extends across the wholdttwand length of the compartment. For
brief periods it detaches from the wall at two @min the rear of the compartment. The
flame extends beyond the soffit and flows upwarasltel to the outside surface of the soffit.
The external part of the flame reaches roughly % from the level of the soffit.

There is no discernable smoke given off by the fire.

The flame is of cellular nature: on average abowdle peaks reach into the upper
section of the compartment, with troughs betweahe@he size and shape of the peaks and
troughs constantly change. Several of them, pdatigutowards the front and around the
edges of the compartment, reach up to the ceiling

The glass of the windows above the level of the daheet quickly becomes covered in
soot. This shows that soot is produced inside thepestment. It is probably stems from

guenched tips of the peaks of that part of the dlavhich is inside the compartment.
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3.1.3 Extinction

One of the key questions which are relevant forire®gs is the determination of the
conditions under which the flame can and cannaustained. An exploration of the range of
parameter values at which sustained combustionoispossible is presented later in this
chapter, in Section 3.4.3. However, observatiothefbehaviour of the flame close to and at

extinction also contributed to the discussion &f ¢bntrolling parameters.

As just mentioned in the description of the bluarfes, when the fuel flow rate is close to
the critical value, the area of the flame fluctgatgeatly. If the fuel flow rate is reduced to
below 0.219%, the flame will continue to burn for a while — gdsly several minutes — but
then at some point a waning phase of the fluctnaticthe flame is not followed by a waxing

phase, but instead the flame reduces its sizertoarel extinguishes.

3.2 Aerodynamics, Flame Structure and Stability

This section presents the data from measuremerftaped as part of the effort to better
understand the behaviour and structure of the Bames partially covering the interface
between the upper and lower layers. PIV measurenwdrithe velocity field around the burner
provided insight into flow pattern inside the comtpgent and in particular helped to answer
the question as to whether there exists a rechanylanotion inside the upper layer. PIV
measurements were also performed around the edgtheofflame to provide further
information on the flow patterns and to help tés hypothesis that the flame is of a triple-
flame structure (see Section 1.2.4 and [Coutin POOCemperature measurements and an
analysis of the chemical composition of the uppget provided further information on the

conditions inside the compartment.
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3.2.1 Velocity Field at the Exit of the Burner

As part of the efforts to explore the path takerth®y fuel between the exit of the burner
and the reaction zone, PIV measurements were mmadediately underneath the ceiling
around the burner.

These measurements were only made for cases in Wiaabriginal burner was used. As
already described in Section 2.3.2.2, seeding wagiged in the form of zirconium oxide

particles, injected into the upper layer in an uplsalirection parallel to the burner.

As only qualitative information was extracted frothese measurements, only one
representative example is shown hefgg. 3.9 shows the average flow field from 50

measurements taken from a run with the porous bunséalled atx = 0.31 m =049,y =
0.80 m = 0.9, z= 0.0 m = OW, with a fuel flow ratern. = 0.249%, (H=11 kW). The time

delay between the two images of this series wasitsatvalue to well resolve the relatively
low velocity of the gases in the upper layer, ratttean the faster velocity of the fuel
immediately having exited the burner. The blank ztméhe right of the vector field is the
burner.

The fuel exits the burner near the top right hantheo of the image with an initial
velocity that is vertical. The image shows that fuialels along the ceiling towards the back
wall, while smoke and combustion products are draywards parallel to the burner, and
then flow towards the rear of the compartment unelath the layer of fuel. It can be assumed
that at the interface between the fresh fuel aedufiper layer gases, mixing between the two

streams occurs, thereby diluting the fuel in contibnsproducts.
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Fig. 3.9: Average velocity field at the exit of tbarner. The values are taken from a
configuration with the large soffit installed and @therwise unrestricted vent; the porous
burner was used, positioned at x = 0.32 m = 0.5/l5 0.80 m = 0.95 H; fuel flow rate
0.249 (equating to 11 kW)

3.2.2 Velocity Field around the Edge of the Flame

Measurements of the velocity field around the ealgine flame were performed to assist
in identifying the structure of the flame in thosases where the flame does not cover the

whole of the interface.

Fig. 3.10shows an instantaneous velocity field determinmedhfa pair of PIV images
overlaid onto the @ image of the pair to illustrate the location oé tflame. The image is
from a case where the line burner was used, witelaflow rate of 0.30/s, which equates to
an energy flow rate of 14 kW. The zirconium oxidediag particles were introduced through
the set of horizontal jets just below the ceiling.

Only seeding particles which are in the plane efltdser sheet are visible. However, the
light from the flame which reaches the cameraasfthe whole width of focal depth of the
camera, a distance of several millimetres. Becadfighis, the sheet of the flame covers an

area in the picture, rather than appearing asea lin
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Despite the fact that seeding is only introduce ithe upper layer, there is a good

density of seeding throughout the field of view.

The flow approaches the flame edge in a roughlyzbatal trajectory. When reaching the
level of the flame edge, the gases are accelemgpedhrds, so both the velocity and the

inclination of the trajectory are increased.

Gas velocities within the field of view were foutadrange between about 0.1 and Yl
The average Reynolds number is in the order 6f This fact, plus the wavy shape of the

flame, show that the flame is in the transitionwsEstn laminar and turbulent.

fuel supply line

Fig. 3.10: Example of a velocity field calculatedr a pair of PIV images overlaid onto the
2" image of the pair showing the location of the #lam

Configuration: large soffit, fuel flow rate 0.30 (equating to 14 kW)
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Motion of the Flame Edge

As mentioned above in Section 3.1.2.2, the edgéhefflame moves back and forth
within the compartment. However, as there is neady displacement in one direction or
another, the movement of the edge can be consideyeah oscillation around an average
location — albeit that the average location is acfion of the fuel flow rate, geometry and
other parameters. This concept is important fordéermination of the average velocity of
the gas relative to the edge of the flame (see idabaly below).

Because of the relatively long time delay of 0.6os®ls between the recording of each
pair of images, the PIV only allowed an estimatbeathan a measurement of the velocity of
the displacement of the flame edge. Observatiorvidéo recordings were also used to
estimate the velocity of the edge. Both methodwvigean estimate that the velocity of the
edge relative to the compartment ranges from 038'/Q

The fluctuations in the velocity of the edge are tucal fluctuations in the gas velocity

and to inhomogeneities in the temperature and ceitipo of the gas ahead of the flame.

3.2.2.1 Velocity Field relative to the Flame

The velocity of the flame edge relative to the gasvhich it is locatedvgqyg is equal to
the velocity of the flame edge relative to the camiment ¥qame Minus the velocity of the gas
relative to the compartmeniyfy).

Vedge = Vilame — Vgas (3.1)

If the position of the edge of the flame fluctuatesund an average location, then this means

that the average velocity of the flame relativeht® compartmenv,___is zero. Therefore, the

flame

average velocity of the gas at the flame edgeivelab the compartment .. is equal to the

S

negative of the average velocity of the gas afldme edge relative to the flamage.

Vedge = (Vflame _Vgas) = _Vgas ( 32 )
A measurement of the time average of the velodithe gas relative to the flame edge can be

obtained by averaging the PIV data in a coordisggtem fixed to the flame.

)A( =X Xflame; y = y_ yflame ( 33 )
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Fig. 3.11 shows an average flow field calculated fromirfilvidual PIV vector fields
which have been submitted to the coordinate tramsgned in equation ( 3.3 ). The location
of the flame is indicated on the image. The veéds stem from a case where the deep

soffit was installed and the line burner was udedated atx = 0.31 m (0.8.), y = 0.80 m
(0.95H), with a fuel flow rate of 0.38 (H=14 kW)

flame

g s
=
w0
s

--10
15 -0.2
-20 01

-2t ]
£0 30 20 10 b -io ~20 -30 B

Fig. 3.11: Average vector field calculated afteoodination shift of 21 PIV measurements to

bring the flame edge into the origin of the cooedesystem.

As can be seen, the gas enters the flame edgeé@ardy horizontal trajectory from the
rear of the compartment.

The average value of the velocity is 0.34 + 0.05™s The velocity shows a slight
tendency to increase if the fuel flow rate is ims®ed, as is shown Fig. 3.12in which a plot

of the measured values of the edge velocity ag#iesenergy flow ratéd = m:Ah, is shown.

The increase in gas velocity with the fuel floweratan be attributed to the increased heat

release driving the natural convection of air itite compartment and hot gases out.
Behind the edge the flow remains parallel to theestof flame. It is accelerated and

deflected upwards, reaching a velocity of &6 This acceleration can be attributed to thermal

expansion of the gas due to the heat releasea iftatime.
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Fig. 3.12: Plot of the measured average edge vl@s a function of the fuel flow rate.

3.2.3 Temperature Field

Temperature measurements were made for severafjamatfons and at several locations.

The results contributed to the discussion of tam# stability and the energy balance.

3.2.3.1 Temperature Histories

A typical history is shown iffrig. 3.14from twelve thermocouples on a tree locatex at
0.39m (0.63.),z=-0.04 m (- 0.W) (seeFig. 3.13. It is from a test with a fuel flow rate of

0.30% — equating tdH= 14 kW — when the deep soffit was in place, arditre burner used,
located atx = 0.32 m (0.9.), y = 0.80 m (0.99H). The thermocouple tree was locatek at
0.39 m (0.63.),z=-0.04 m (- 0.W).

The acquisition frequency of the datalogger of 1wé® too low to follow the rise and fall
of the temperature of each thermocouple as theeflpassed over it, and so the plot can only

show the range of temperatures produced.
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Fig. 3.13: Location of the thermocouples from wihtieé plot in Fig. 3.14 was produced.
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Fig. 3.14: Temperature history for a run with therde soffit and unrestricted vent, 14 kW

energy flow rate, line burner; location of the treee= 0.39 m, z =-0.35 m.
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The lowest thermocouples — those located betWigen0.30 and/y = 0.50 — were in the
lower layer. They show fairly stable values in tlegion of 30°C to 100°C. The next
thermocouple (4 = 0.57) was close to the flame and registered aehigdmperature of
around 140°C. The thermocouple’/at= 0.60 lies just below the flames for most of tinee,
registering temperatures in the region of 300°€;ghaks indicate occasional exposure to the
flame, but because of the low acquisition frequetheytemperature recorded is not the flame
temperature. The thermocouple’at= 0.67 is above the flame for most of the timed an
delivers a value for the temperature of that layethe region of 500°C; occasional peaks of
up to 730°C indicate the passage of the flame past thermocouple. The top three
thermocouples’(y between 0.74 and 0.91) lie in the upper layerirTieenperature fluctuates

slightly, but remains in the region of 500°c.

The acquisition frequency of 1 Hz, limited by thatalogger, did not allow the
temperature rise to be followed as the flame passed the thermocouple. The temperature
range of 700°C to 730°C is therefore probably betbe temperature of the flame. In some
cases temperatures of up to 1000°C were measuhech v¢ probably nearer the temperature

of the flame.

3.2.3.2 Maps of Average Temperatures

Fig. 3.15andFig. 3.16show maps of the time averaged temperatures grtecal plane

parallel to the side walls at= 0.04 m (0.0); in the former case, the fuel flow rate was 0.30

9 (H= 14 kW), producing a flame which partially covéne interface between the upper and
lower zones. In the latter case, the flow rate &@4 % (33 kW), giving a flame which covers
the whole of the interface. In both cases the dejt was installed; the line burner was used,

located ak = 0.31 m (0.5M), y = 0.80 m (0.931). The external channel was not installed

Both temperature maps clearly show the preseneecold zone in the lower part of the
compartment and a hot zone in the upper part.

Because the external channel was absent, the bes gahich leave the compartment flow
upwards parallel to the external surface of thefitsoThe influence of the upwards

acceleration is visible in the plot for the 33 k\Wse Fig. 3.16: the temperature interface
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between the two layers turns upwards towards tloat flof the compartment, as the
acceleration upwards of the gases starts befone ldave the compartment. The effect is
obviously less strong in the 14 kW case.

In the 33 kW case, a region of high temperaturebmaseen at the interface between the
two layers. This is consistent with the presencehef flame. Within each layer there is
practically no temperature gradient in horizoniagction.

A slightly different picture is produced for thewer fuel flow rate Fig. 3.19. There is
no band of high temperature visible at the intexfadis is probably partly due to the fact that
the flame radiates less heat and partly to the mew of the location of the flame: the flame
IS sometimes above, sometimes below each thermtEkauphis region, spending only very
short periods of time touching each; the averagirugess delivers values of well below that
of the hot gas for locations towards the bottonthef upper layer, and values much closer to
that of the upper layer gases higher up. The Fattthe flame does not cover the whole of the
interface all of the time influences the tempemtarthe upper zone: towards the front of the
compartment, where the flame is constantly preghatiemperature is the same as in the 33
kW case; towards the rear of the compartment,lavi®r. The temperatures in the lower layer

are slightly less than those in the 33 kW case.

The temperature maps indicate that the temperatutbe upper layer is only weakly
dependent on the fuel flow rate. This is more tyedlustrated if the temperature of the layer

is plotted as a function of the fuel flow ratej@provided inFig. 3.17for cases with the deep

soffit. At fuel flow rates above about 0.45 (H= 21 kW), when the flame covers the whole
of the interface most of the time, there is liliference between the temperature in the front
half of the compartment and that in the rear, amdliiscernible increase in temperature if the
fuel flow rate is increased. At lower fuel flow eat the temperature increases with increasing
fuel flow rate and the front part of the upper kayge 30 or 35°C warmer than the rear. The
latter observation is probably due to the fact thatflame is not always present in the rear

part of the compartment.
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Fig. 3.15: Map of temperatures in the plane z =40rB = 0.1 W. Large soffit and otherwise
unrestricted vent; burner located at x = 0.31 m 5@, y = 0.8 m = 0.95 H, fuel flow rate
0.309s (equating to 14 kW).
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Fig. 3.16: Map of temperatures in the plane z =40 = 0.1 W. Large soffit and otherwise
unrestricted vent; burner located at x = 0.31 nb(Q), y = 0.8 m (0.95 H), fuel flow rate 0.71
95 (equating to 33 kW).

600

500 - X
X
400 -

X+

Xrear
+ front

T[°C]
[O8]
o
o

200

100

0 T T T
0 10 20 30 40

He [kW]

Fig. 3.17: Temperature in the front and rear of Ungper layer plotted against the fuel flow

rate
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3.2.4 Chemical Makeup of the Upper Layer

Knowledge of the chemical species present in tmepaotment and their concentrations
can be linked with several other aspects of tlee fir
* The chemistry determines the combustion regimeflante behaviour
* The chemical makeup of the gas is one of the factdrich determines the size of the
flames and whether sustainable combustion is plassib
e The composition of the gases in upper and lowesrkais needed to calculate the thermal

capacities of the atmosphere and thus the hea&tdstathin each layer.

Table 3.2shows average values determined by gas chromatogref samples taken
from several locations in the upper layer durirgj tens with the deep soffit installed and the
porous burner located at= 0.31 m (0.9.), y = 0.80 m (0.991), z= 0.0 m (0.0M), and a fuel
flow rate of m. = 0.30% (H= 14 kWw).

The concentration of ¥ was calculated from a carbon balance, as wafurahas to
be removed from the sample prior to analysis twgame corrosion of the apparatus and the
solution of any of the species in water.

6.4 % by volume of the upper layer gases are cotfibeisspecies, diluted with
combustion products (G(8.9 %, BO 14 %) and nitrogen (68 %). Some residual oxygen —
2.4 % — was also detected.

Because of the low oxygen concentration, this mextis above the upper flammability
limit, which is why combustion is only possible #te interface with the lower layer.
However, the oxygen concentration is higher tha typically found in the exiting gas flow
from a ventilation-controlled fire, when valuesle$s than one percent are often encountered
[Drysdale 1998].
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species molar concentration [-]

O, 0.023 +£0.011
Ar 0.008 + 0.0001

N> 0.678 + 0.006

inert gases from air 0.686 £ 0.006
H20 0.137 +0.013

CO, 0.089 + 0.006

total combustion products 0.226 + 0.015
(6{0) 0.015 + 0.002

H> 0.003 + 0.004

CH, 0.006 + 0.001

CzoHe 0.001 + 0.0003

CoH4 0.007 +0.001

CsHs 0.025 + 0.008

CsHe 0.003 +0.001

i-C4H10 0.001 +0.001

Nn-CsH10 0.000 + 0.0002

CoH> 0.002 + 0.0004

CsHs 0.000 + 0.0001

total combustible 0.064 + 0.008

Table 3.2: Average values provided by the gas chtograph for locations inside the upper

layer.
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3.2.5 Tests with Methane as Fuel

All the tests described so far involved propaneictvhis heavier than air. Tests using
methane instead of propane were carried out tafsiee partial interface flames could be
produced with a lighter-than-air fuel. These testse performed with the original burner
located atx = 0.32 m (0.8.), y = 0.8 m (0.9H) andz = 0.0 m (OW). The large soffit was
installed.

These experiments resulted in the same qualitagb@viour as those using propane.

No quantitative exploration was performed of théedf of the change in fuel on the
minimum fuel flow rate to sustain combustion, tlaege of fuel flow rates which produce

purely blue flames or of the flow rate above whié flame covers the whole of the interface.

3.2.6 Discussion

3.2.6.1 Flow Pattern

The flame is hotter than the layer of smoke ancegasbove it, and thus, as Coutin
observed [Coutin 2000], a thermally unstable dtecation exists. This instability creates a
convective movement in the upper layer, which imtpromotesthe mixing of fuel with
combustion products from the upper layer.

The PIV data from just under the ceiling suggeat the gas in the upper layer undergoes
a recirculatory motion. This is supported by twbhestobservations.

Firstly the inclination of the flame sheet, coupleith the fact that the gas flow is parallel
to the sheet, suggests that some gas from the ctimbwzone is drawn upwards close to the
burner by natural convection induced by the buofiamt.

Secondly the gas concentrations at the layer aterktabilise before the concentrations
in the heart of the upper layer, as can be seen the difference between the time it takes
from ignition to stabilise the behaviour of thenflas on the one hand, and the gas

concentrations half way between the ceiling andltimae on the other (see Section 2.4.2).

These three points suggest that the gas flowswadlh@ pattern schematisedhig. 3.18

Fuel from the burner does not flow or diffuse dovanas across the whole length and breadth
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of the upper layer, but travels along the ceilitign downwards close to the walls and finally
turns to move towards the vent.
Along this path it mixes with gas from the uppeyela and thus the fuel is diluted in

combustion products.

recirculation of CP
diluted fuel

burner

/
\C} &é //_/ hot zone
e

flame cold zone

air

fuel supply

Fig. 3.18. The proposed aerodynamic system

In the combustion zone, some of the gas is drawmargs into the upper layer due to
buoyancy induced by thermal expansion. Some oxyggnenter the upper layer via this path

from quenched flame tips.

The air supply to the flame is drawn in through ¥leat by natural convection induced by

the heat released from the flame.

The observations during the warmup (Section 2gr@yide clues as to which parameters
control each aspect of the behaviour of the flame.

Combustion products are produced at a rate suftieefill the upper zone within a few
seconds. The time it takes to fill this zone igdfigre not a determining factor.

The area covered by the flame reaches its steatly\lue in the same timeframe as the
chemical composition of the upper layer, rathentttee much longer timeframe it takes the
temperature to reach its steady-state value. Hams to suggest that the area covered by the

flame is determined primarily by the chemistry, tied temperature.
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In contrast to this, the observed change in coltfuthe flame indicates an increasing

production of soot, which must be linked to thedyially increasing temperature.

The observed fluctuations in the size of the flaand the gas velocity stem from the fact
that each mechanism depends on the others, b #rertime lapses between causes and
effects: the flow is driven by the instantaneousigerature field, but the air, fuel and
combustion products take time to pass along tlesipective circuits; the temperature field is
driven by the instantaneous heat production artiesefore a function of the instantaneous
flame size, but follows the heat release with aetilmg; the flame size is a function of the

instantaneous flow velocities and species conceoia

3.2.6.2 Flame Structure

The observations support Coutin’s hypothesis [@GoR000], [Coutinet al 2002] that the
flame edge is a triple-flame structure [Philliph® As the gas mixture from the upper layer
(fuel and inert gases) travels at the interfacazbatally towards the vent, there is some
mixing with air from below the interface, produciagstratified premixture. The mixture of
fuel and combustion products and the air enteetlge of the flame with an almost horizontal
trajectory. This edge is made up of two premixedgsi— a fuel-rich upper one and a fuel-
lean/oxygen-rich lower one. These two wings leawhitd them not only combustion
products, but also unreacted gas — the exces®ifutiie rich side and the excess oxygen on
the lean side. Between these two flows of combnspooducts and leftover reactants, a

diffusion flame is established sEgy. 3.19

This hypothesis is supported both by the fact thatrelative velocity of the gas to the
flame edgev_e: 0.31"/s is — within the accuracy of the measurements -aleguthe laminar

premixed burning velocity§ of propane: For propane at stoichiometry undendsed
conditionsS is 0.4™/s, as the temperature, dilution and equivalence iatithe present case

are not sufficiently well known, the relevant valfeS cannot be determined.
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Fig. 3.19. lllustration of the triple flame structu
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Fig. 3.20: Burning velocity of premixed propane aidas a function of the equivalence ratio
Source: [Drysdale 1998]

3.2.6.3 Flame Stability

The experiments show that when the flame covers gfathe interface, its size and
location are not steady — the flame is unstableohtrast, when the flame covers the whole of

the interface, it is stable.
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Three cases can therefore be distinguished, acgpridi the surface covered by the

internal part of the flamAg.in:

,Aﬂ —=in

* stable flames: =1
Aﬂ—in
* unstable flames0 < <1
A
« extinction: Ain _ 0

whereA. is the floor area of the compartment.

In Section 3.2.2, the edge velocity of the trigharfe is compared with the flow velocity
of the gas ahead of the flame. If the fuel flower& increased, both the laminar burning
velocity — and with it the edge velocity — and fleav velocity will increase. However, these
two increases are due to different mechanismstteréfore do not occur at the same rate.

The gas flow velocity is linked to the vent flowtgaThis is driven by the temperature

difference between the atmosphere inside and thesgthere outside the compartment. The
temperature is determined by the reaction rateinvittre compartment, ., . = Qprod—in . The

relationship is not linear, as the heat lossesatantrease linearly with the heat release rate:
The vent flow measurements (see Section 3.4.5) shatthe velocity of the gas increases in
less than linear proportion to the fuel flow rate.

The edge velocity of the triple flame is a functiohthe stratification of the gas/air
mixture ahead of the flame, the dilution of thelfaed the temperature ahead of the flame
[Phillips 1965]. As the gas velocity increases@ésd than linear proportion to the fuel flow
rate, it can be expected that increases in the fiogl rate lead to increases in the
concentration of the fuel ahead of the flame. Mii$ tend to increase the laminar burning
velocity. The correlation between the temperatume the laminar burning velocity is positive
— in a first approximation [Glassman 1977], the ilaan burning velocityS_ is a function of
(Tign — To)'°'5, whereTigs is the ignition temperature of the gas dndhe initial temperature.
As increases in the fuel flow rate will lead to reases in the temperature, this will tend to
increase the edge velocity. The effect is howeweatkias not only is the relationship between
the temperature and the edge velocity less thaaidjrbut the influence of the fuel flow rate

on the temperature is weak.
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As long as a detached flame exists, these two Wel®dalance each other out, whereby
the movement of the flame is due to local variagioh the two velocities. The observation
that at high fuel flow rates the flame increasesize and becomes attached to the rear and
side walls can be interpreted as being due todige gelocity increasing by more than the gas
flow velocity, and therefore the premixed wingsloé flame propagating against the gas flow.

It can therefore be concluded that:

Aﬂ -in
A

» stable combustion =1 is linked tOVedge™ Vgas

Aﬂ —in

* unstable combustion

=1 is linked tOVedge= Vgas

3.2.6.4 Presence of External Flaming

Large external flames are often associated withitagion-controlled conditions. In the
scenario described here, the flow rate of air @mgein through the vent is several times that
required for combustion of the fuel; despite thigarnout of the fuel does not occur rapidly
enough for all the fuel to be consumed before flgrout through the vent.

The slow reaction rate is probably due to the stdbermal stratification between the
lower layer and the reaction zone; due to thigiftration, there is little mixing between the
air from below the reaction zone and the gas méexalove the reaction zone. This low rate of

mixing limits the combustion rate.

3.2.6.5 Influence of Fuel and Comparison with Moreh  art’s
Configuration

As mentioned in Section 1.4, Morehatt al produced sustainable lifted flames in tests
with a heavier-than-air fuel, but not with a fuélat was lighter than air [Morehaet al
1992a]. The experiments described in Section &Bdw that in the configuration described
here, the relative density of the fuel to air makessignificant difference to the behaviour of
the flame.

The difference probably lies in the different makeaf the upper layers in Morehart’s

configuration and in the configuration used in tiierent project. In Morehart’s configuration,
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the introduction of air into the upper half of tlmpartment probably produces a
stratification of the chemical makeup which is tin@erse of that produced in Coutin’s
experiments: a layer of oxygen-containing gasesvelm layer predominantly containing
combustion products and fuel. Morehart’s liftedgaoe flame must have stabilised between
these two layers. When methane was used, due tbuthyancy of the fuel, no equilibrium
could be produced between the downward forceseottid air and the upward forces of the
fuel and heated combustion products, producing adbgerved behaviour with the flame

continuing to rise.

3.3 Analysis of the Area Covered by the Flame

Measurements were made of the area covered byatine fas a function of the fuel flow
rate and of the width of the vent. The results gmé=d in the following are from tests
performed with the line burner locatedxat 0.31 m (0.9.), y = 0.80 m (0.95H). The deep
soffit was in place.

The data were studied to see whether the area &arsdéd as an indicator of the heat
release rate, or at least whether the ratio betileemrea covered by the internal part of the

flame Aq.in) and the area covered by the external pattf) can be taken as an indicator of

the ratio between the amount of heat releaseddrtsiel compartmen® and the amount

prod—in

of heat released outsid@ This section presents the reflections made duhiggstudy.

prod-out *

Area Plotted against the Fuel Flow Rate

Fig. 3.21 shows the areas calculated for a randaebfflow rates up to 0.7% (H= 33

kW) while the vent was unrestricted except forgbéit.

At fuel flow rates below 0.2 (H= 9.8 kW), combustion is not sustainable, and hence
flame area of zero is observed. At fuel flow raabsve this minimum, there is both internal

and external flaming. If the fuel flow rate is ipased, the average area covered by the internal
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part of the flame increases until, at flow ratesiodut 0.6'/s (28 kW) it almost constantly fills
the whole of the area circumscribed by the wallthefcompartment.

At fuel flow rates just above the minimum, the erte part of the flame is about the
same size as the internal part. Its size remamestlconstant until flow rates of about 0%7
(22 kW). Further increases in the fuel flow ratadeo rapid increases in the area covered by

the external part of the flame.

3.0
2.5
2.0 /

1.5 /t —e— area of internal flame

partment

1.0 —=— total flame area
0.5 A

0.0 T T T
0 10 20 30 40

Ho f [KW]

A f/ A _com

Fig. 3.21: Dimensionless area covered by the irdepart of the flame and by the whole of
the flame as a function of the energy flow rate.
Data from the Bertin compartment with the large fisoinstalled and an otherwise

unrestricted vent; the line burner was used.

Discussion of the Inflection in the Relationship beveen Area and Fuel Flow

The curves defined by the datapointd=ig. 3.21rise monotonically with increasing fuel
flow rate, but their gradients do not vary monotaily: the curves describe a “double S-
bend”, first rising steeply, then levelling off,eth increasing in steepness and finally the area
covered by the internal part of the flame plateasg reaches the extent of the space between

the four walls while the external part continuesnicrease but with a lower rate of growth.

One hypothesis to explain this is that the areafisenced by the colour of the flame, or

rather by the rate of radiative heat loss from ftame. The range of fuel flow rates which
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corresponds to the centre of this inflectiom.E 0.4 % to 0.5%; H= 19 to 23 kW)

corresponds to the range where the change in tleeircof the flame from blue to orange
occurs. As discussed by both Morehart [Morehatrtal 1992] and Coutin [2000], the
orange/yellow colour is the result of incandescesfdbe soot particles which are only formed
at higher temperatures. The soot emits more theratihtion than the hot gases. It can be
postulated that the increase in heat losses witcbnapany the change in colour will tend to
decrease the chemical reaction rate, and so substdyjit will take longer for the gases to
burn out, and they will travel further before tHeyve been completely reacted.

However, the measurements of the area and obsmrsadi the flame colour during the
warmup phase (sddg 2.15andFig 2.1 do not support this hypothesis: during the warmup
phase there is a change in colour of the flame lwhiamot accompanied by a change in the
area covered by the flame.

It may be that other factors such as the tempegdtave an influence on the area, but the

work performed during the current project has edttb any conclusions.

Area Covered by the Flame as a Function of the Ver8ize

If the area covered by the flame is determinedheytteat release rate, then one would
expect the size of the vent not to influence tlaainFig. 3.22 the area is plotted for a range
of vent widths between fully open (0.4 m, equating ventilation factoFy of 0.14 nf) and
one-eighth of the width of the compartment (0.0%nyating to afry of 0.035 ni-®) and for a

fixed fuel flow rate of 0.78/s (H= 33 kW).

At this fuel flow rate and for this range of veltes, the flame nearly constantly covers
the whole of the area between the four walls of ¢cbenpartment; this is not altered by
variations of the width of the vent.

The measurements suggest that if the width of #re is reduced from 0.4 m to 0.1 m,
the area covered by the external part of the fldnogs slightly, although this drop is by less
than the error margin of the measurements. Howevduyther reduction in the ventilation

leads to a sudden large drop in the area coverdaebgxternal part of the flame.
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Fig. 3.22: Area covered by the flame as a funcabthe width of the vent for a vent height of

0.49 m. Data from the Bertin compartment with #agé soffit installed; the line burner was

used; fuel flow rate 0.7% (H= 33 kW)

Discussion of the Reduction in the Area at Small \fe Sizes

The sudden drop in the area covered by the extparabf the flame can be attributed to
the fact that the flow passes from laminar to tleby as can be seen by the change in the
shape and nature of the flame. The reduction irt @eza leads to a reduction in vent flow
rate, however the drop in flow rate is less thampprtional to the vent area; this translates
into an increase in the flow velocity. The shapd arovement of the flame indicate that at
large vent sizes, the flow is slow enough to bectarally laminar, whereas for the smallest
vent width, it is turbulent. The turbulence leadfficient mixing of fuel and air, and hence

to a rapid consumption of the fuel and therefosbart flame.
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vent
external channel< €

monopod holding burner arm burner arm/fuel supply line

Fig. 3.23: Comparison of the external part of thanfe for a 0.7/ fuel flow rate and two
different vent widths: Top: vent 0.1 m (0.25 W)ttBm: vent 0.05 m (0.125 W)

Combustion Efficiency

It is obvious fromFig. 3.21that the area covered by the flame is not dirgmtbportional
to the fuel flow rate.

If the hypothesis is correct that the area is priopoal to the heat release rate, then the
deviations from linearity in the relationship beemethe area and the fuel flow rate will be due

to variations in the ratio betwee(m, Ah_) and the heat release raie, in the combustion

efficiency

IO

ne = (3.4).

A first question that can be asked if one is sgttout to judge whether there are
significant variations of the combustion efficiermyer the range of fuel flow rates studies, is

whether the smoke emission from the flame can legl @s an indicator of the combustion
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efficiency. Visual observations suggest that thereery little smoke given off by the system
independent of the fuel flow rate for vent sizemnirthe full width (0.4 m) down to 0.1 m.

This does not prove that the combustion efficieisdyigh or constant, but is compatible with
a high combustion efficiency. (As described in ®ect3.4.1, if the vent is restricted more
severely then the behaviour of the fire changesifsigntly, and more smoke is produced, but
in that case the shape of the flame is so dif