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SUMMARY

This work is an experimental and theoretical analysis of factors and conditions
affecting smoke and carbon monoxide (CO) production in corfiderenclosure
fires. Thirty eight experiments were performed in a three metre long celikdor
enclosure having aass section 0.5 m x 0.5 m, dddee openings in the front panel
and apropanegasburner located near the closed end. Measurements of smoke and
carbon monoxide concentrations were performed at locations inside the enclosure
and also in the exhaust dudtaohood collecting the combustion products.

The main conclusion of this work is that smoke production depends not only on
the fuel andGlobal Equivalence Ratio (GER)as is reported in the literaturdout
also on the temperatures and residence timelenie enclosureat least for the
experimental conditionsxamined in this study.

Additionaly, it was found thasmoke concentration inside the enclosure was
increasing during the ventilation controlled regime even after external burning
started. Such g@©rease was verifiedby temperature, smoke and velocity
measurementsiside the enclosurdhe increase was due to reverse flow behind the
flames travelling along the corridor. Namely, the gases reversed direction behind the
flames with hot gases travelling in the upper layer backwards tewsrdlosed end
of the corridor in contrast to hot gas movements towards the openirant of the
flames This recirculation was confirmed by velocity and oxygen concentration
measurements in the upper and lower layers inside the enclosure.

In addition, he present results show that the relationship reported in the literature
between smoke and carbon mon&xioroduction during overventilated conditions
YolYs@ constant, is no longer valid during
ratio y.dys increases fothe Global Equivalence Ratios of the enclosure greater than
one.

The obtainedresults are usefdbr CFD validation and specifically applicable for
assessing smoke hazards in corridor fires in buildings where smoke concentrations
can be much larger than anticipated owing to leakage to adjacent rooms behind

travellingflames.



NOMENCLATURE
A m’

AT I’n2

Beo cd/nf

C g/m’® of gas
Ca kg/s
pH kJ/kg

E MJ/kg
Eco MJ/kg
fu ppm
dj g/n’s

H m

Hp-c m

he W/mK
HRR kW
HRRheoreticaI kW
HRR/max kKW

I/lg -

k 1/m

L m

L 1m/nt
L+ m

Lsp m

M, kg/kmol
Meco, kg/kmol
Mary kg/kmol
Mo kg/kmol
Mo, kg/kmol
i g/m’s
H, kg/s
o kg/s
o, kg/s

kg/s

Xii

Area d the opening

Total area of the enclosure

Brightness of signs

Mass concentration of smoke
Proportionality factor used for determinatiol
of mass inflow into the enclosure

Heat of combustion

Heat Released per kilogram of €@onsumed
(taken as 12.68 for propane)

Net Heat Release per unit mas<Ogf
consumed for combustion GO to CO,
(approximately 17.6 MJ/kg of

Smoke volume fraction

Mass generation rate of product j, for instar
smoke

Height of the opening

Distance from top of the pan (burner) to
ceiling

Effective convective heat transfer coefficier
Heat Release Rate

Theoretical Heat Release Rate determined
from gas supply rate

Ventilation controlled Heat Release Rate
Ratio of transmitted to incident light

Light extinction coefficient

Path length through the smoke

1/° of mean il |l umin
from all directions in smoke
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CHAPTER ONE

Introduction

NRnGener al public is unaware of how f as

smoke can be produced by a fire, and this unawareness extends to many

designers and other related profession
(Klote and Milke, 1992)

General public is also unaware that the main killer is not aitBsdf but fire
effluents, namelyoxic gases and smoke evolved as a result of §Department for
Communities ad Local Government, 2007Many fire victims die in locations far
away from fire origin For instance the second greatest hotel firlhn@lJSA resulted
in 85 deaths, out of which 65 occurred many floors above theotiegibn(Figurel)
because of smoke and toxic gasesellingfar away fromthe fire origin (Best and
Demers, 1982)

Floor 53

13 Deaths toll
11 MGM Grand Hotel Fire
10 Las Vegas, NV

9 November 21, 1980

Casino level - fire location
0 2 4 6 8 10 12 14 16 18
Deaths

Figurel. Deaths by floorfire located on the first flooData fromBestand Demer$1982) graph
adapted fronKlote (1992)



Moreover, smoke can be even more lethal in transportation sydteceuse of
the space and evacuatioonstraints To illustrate this issue, the fire on the ferry
AScandi navi anscited. nrthat disaster 158 pedple died, and it was
suggested thatfor at least 125 of themthe cause ofleath wasnhalation of carbon
monoxidein locationsremote from fire origifRobinson, 1999)Consequentlyit is
very often not the thermal hazard associated with fire which kills but lethality
coming from smoke and toxgases.

Lethality offire effluentis mainly relatedto the presence of soot particulates and
gasesevolved from a fireSoot particulates are responsible foe obscuratiorof
visible light whereas toxicity comesainly from inhaling theevolving gasesand to
some extend particulates in smoKée gectrum ofproducedgases varies, but the
main Killer is still carbon monoxide. One could argue that other gases are more
lethal, but carbon monoxide is often produced in large concentrations and
independently of materials being bu¢Rurser, 2002; Babrauskas et al., 1998)

Even though ife effluens are a byproduct of every fire, it is important to
examine which types of fires are associated with most of the fataliasstics
show that about two thirdof fire victims dieeach yeanot in catastrophidires in
hotels or means of public transport but in dwelling firB3epartment for
Communities and Local Government, 201yvelling fires candevelop to a stage
where there is not enough air for complete combudfinmaerventilated fires) so that
production of smoke and carbon monoxide may be completely different compared to
an open, well ventilated firdVloreover, ithas beerclaimed recently that fires in
dwellings are neglected andhat areaneeds more focused resear®@uabrauskas,
2011) Therefore this studywas aimed at studyinthe production ofsmoke and
carbon monoxide during underventilated enclosure firesderto betterunderstand
the phenomenassociatedvith most offire related deathand improve fire safety
design for these situations

The thesisis organised in the following wayhapter two presengreview of
theliterature relevant to the production @hoke and carbon monoxide in enclosure
fires. This reviewis concluded witha hypothesis orfactors governing smoke and
carbon monoxide production in underventilated fires. That hypothesis led to design
of an experimental enclosure and methodoldggcribed in chapter thre€hapter
four presentpresentdata and analysisonfirmingthathypothesis anthus enabling



an improvement of dire safety design by deeper understanding of smoke and
carbon monoxide productiaturingunderventilated fires<Conclusionsare presented
in chapter five followed by recommendations for future work estthpic. Finally,
additional information igjivenin appendies



CHAPTER TWO

Literature review

This work is focused otwo hazardselated tofire effluent smoke and carbon
monoxide. Initially, thesephenomenaare discussed separatebnd subsequently
their interaction is presentedherefore,this literature review is divided into three
subsectionsthe first one is dealing with smokehe second one with carbon
monoxide as the main gas contributing to fire related toxianygthe third one will

link these two togetheFinally, a working hypothesis is presented.

2.1. Generation of smoke in fires

This subsection introduces basics concepts celate smoke, explainghe
difference betweemany definitions of smokgeclarifiesthe term sogtand discus

various factors governing smoke production.

2.1.1. Definition of smoke

Mulholland (2008)d e f i ned s moke as: Athe smoke a
component of t he p r A dmilartdsfinitionf is gvennblg u st i or
International Organization for Standardizat(®80) statingthat smoke i@ A vi si bl e
part of f(2010p Whief tie Isacanah definition is shortecope is similar
bothincludeneithergasessapours emitted from firaor airentrainednto the fire

Ot her sources state that evolved gases
instance Quintier€1998) and even air mixed with combustion products shall be
seenas a smoke component as WBIFPA, 2005)itedin Milke (2008)

To conclude, this researdh based orthe definition proposed by Mulholland
(2008) and this work distiguishes betweesmoke (the visible part of the fire

effluent) andcarbon monoxid€evolved gas from the fireBoth smoke and carbon



monoxi de are part of B8O ashioealeiftfy ueht ga
aerosols, including suspended particlesecat ed by (2®Wmbusti ono

Smoke causesght obscuratiorbecausat containstiny particleswhich scatter
and absorb light. There atevo typesof theseparticles agglomerations of soot
particles joined together as chain and clustBrysdale, 1998)defined in the next
subsectionandliquid droplets (aerosol mis{Friedman, 1998)These droplets are
created as result of cooling and condensation. In addgimonke may contain also
some tiny particles of combustible material which wesecompletelyburnt.

Different distinction between smoke and soot waggested by Ostmdh996)
She was using terminology based on tieasurement technique being used. If the
optical means were used, the term smoke should apply; and if the gravimetric
sampling, then the term soot is more appropriate.

For this work however, the term soot is defined as minute particulate matter
created inthe flaming zone and released to smolrecise description of soot

particulates is given in the next subsection

2.1.2. Definition of soot

The t erimnusédsnacorbastion research to describe all types of carbon
particulates generated in flamand later present also in smokK&/atson and
Valberg, 2001; Bond and Bergstrom, 200&oot presence in flanse causes
radiation, and thus brightness and yellow glow of flames. However, when soot
particles cool down, they are black atitkir presece in the post flame smoke
causs obscuration of the visibléght. The first person whdasdrawn scientific
attention to soot was Michael Faradalgis work was made public by series of
lectures given by him in 18681 (Shaddix and Williams, 2007)t was him who
statedd hat Ait 1is to this pr efametaetomesitssol i d
brilliancyo (Faraday, 2002)

Soot ipsroadukckyy of i ncomplete coabbnusti on
Very precise characteaion of soot formation during combustignbeyond the
scope of this work andan be founclsewhergHayes, 1991; Richter and Howard,
2000;Watson and Valberg, 2001; Siegmann et al., 2002)

Soot is formed in flames, therefore this process strongly depencsdrustion

conditions(pressure, stoichiometry, amount of air available, mode of burning) and



consequentlyhe properties of soot diffebetween different condition®Vatson and
Valberg, 2001)

Soot has a form of primary spherules bonded together as agglom@&aies
and Bergstrom, 2006)as presented below Figure 2adapted fromWidmann
(2003)

Figure2. Structure of soot agglomeratmoke generated by stochiometric diffusion propane.
Adapted fromWidmann(2003)with permission.

Formation and oxidation of soot is of great importance for post flame smoke
production because smoke consist mainly of soot particulates produced within flame
envelope which have not been oxell inside (Kent and Wagner, 1984;
Delichatsios, 1993)In other words, what is seen as particulate smoke, it has been
generated in flaming zoneas soot and conditions within the flame (size of flame
and thus residence time, temperature, shape,adisoot and its trajectory within the

flame) will determine how much soot can escape.

2.1.3. Post-flame smoke as a result of soot formation and
oxidation in flames

Formation and oxidation of soat flameshas been studietbr many years,
Kennedy(1997) publishedavery comprehensive review of work prior to 1987d
some newer modeiserementionedecentlyfor instance by Bej{2009; 2011b)

It is gererdly assumed thafpolycyclic aromatic hydrocarbon@PAHSs) are
formed as results of fuel molecule breakdown and tidds serve as hase for
soot formation within flames.

There are different modelling approaches to describe soot formation and
oxidation starting with detailed chemistry models then models with simplified

chemistry and finally global soot models.



The model in hand was developed recently by formed PhD student at FireSERT
and published elsewhe(B8eji, 2009; Beji et al., 2011b)lhe model is related to
aformer work ofDelichatsios(Delichatsios, 1994and ha some similaries to the
model proposed byautenbergeet al. (Lautenberger et al., 200Q5)his model is
semiempirical and basedn themixture fraction approackBilger, 1977) In this
model different fuels can be used ®mploying thelaminar smoke pointoncept
(Delichatsios, 1994) Only basic chemistry information is required i.e.
stochiometry of the fuel anthe laminar smoke point height. Consequently soot
formation is depenasht only on the mixture fraction and temperature. Soot oxidation
is assumed constant, other models take into account various factors including partial
pressure of oxygen.

The model described is applicable for laminar diffusion flames, and has not been
fully validated in turbulent flames within enclosyizji, 2009; Beji et al., 2011b)
Consequently soot formation can be seen as a grounthdgrost flame smoke
production but it is currentlympossibleto predict smoke production entirely from
soot models for turbulent combustion, especially within an enclos@arrent
models cannot fully resolve problems lilenclosure geometry, mixing of gases and
size of the fire All these factorswill affect the escapg of soot from flamesnd
thus post flame smoke producti@Rasbash and Drysdale, 1982ulholland, 2008;
Tewarson, 2008)These factors will be discussed in subsections to follow.

2.1.4. Factors affecting smoke production

APredictions of smoke production are
heat releaseo0
(Ostman, 1996)

That openingjuote was written about 15 years ago aglestion arisewhat s
the stateof-the-art now?It seems thatlespite progress made in the recent years,
therearestill manygaps in understanding emokegeneration

There isa tremendous progress in CFapplications, and desigof smoke
control systemshowever our basic understanding of the factors governing smoke
production remains similar to knowledge reported by Rashbash and Dritscade
decades ag(1982) We have much better measuring techniques, more is understood

on chemical and physical properties of scamtd the amount of publications is



growing rapidly (Figure 3), b u t it i's not possi bl e at
smoke emi ssi on as a function of fuel C
(Mulholland 2008). One may argue that current CFD models are doing that very

well, but that will be examined in the sectidavoted to visibility in smoke. At this

point, discussio will focus on what is known abowtarious factors influencing

smoke production.

A Number of
900 | publications

600 N

300

__—~_—""Smoke AND Fire
Q) —=———== =
1970 1980 1990 2000 2010

Year

Figure3. Number of publications for keyhtkegwodls fismoke
fi s o €ampilation produced by author basedtb@Thomas Reuters @b of Knowledge

Basically, smoke is a fraction of soot produced within flame envelope which has
not been oxidized insidé¢Delichatsios, 1993)In other words, Wat is seen as
particulate smokeit has been generated the flaming zone - as soot- and
conditions within the flame (size of flame and thus residence time, temperature,
shape, size of soot and its trajectoryhuvi the flame) will determine how much soot
canescapeTherefore, factors like: enclosure geometry, mixing of gases and size of
the fire will affect the escaping of soot from flam@sasbash and Drysdale, 1982;
Mulholland, 2008; Tewarson, 2008)

The factors governing smoke production, listed above, will be discussed in the
following subsections The following aspects will be discussedentilation
conditions, chemisy of the fuel, residence time both in flames and also in hot upper
zone, effect of scale and temperatuviades of combustion,namelysmouldering
versus flaming flamewwill not be covered in this reviewbecause this woris only

focused on flaming firesDetailed discussionon the differencesbetweensmoke



from smoulderingversus flaming fires can be found for instancehia following
publicationgRasbash and Drysdale, 1982; Drysdale, 1888holland, 2008)

2.1.4.1. Effect of ventilation conditions on smoke
production

A Boke is a product of incomplete combus@iqRasbash and Drysdale, 1982)
Incomgete combustion may be caused by not enough air avaitarieforechanges
in ventilation conditionswill affect smoke production Yet, it can not be simply
assumed that the less the available air the more smitidee produced(Ouf et al.,
2008) That relationship between ventilation and smoke generation will be explained
in next section.

Ventilation conditionscan be defined either by equivalence ratio, i.e. ratio of
available fuel to available mnormalsed by stochiometric fuel to air ratio; or by
vitiation, i.e. reduction of oxygen level in surrounding air but wiie adequate

amount of air being available.

2.1.4.1.1. Equivalence ratio

As mentioned above, the equimassloffuelce r at
to mass of air normalised by stochi omet:
means that there is not enough air for complete combustion (fuel rich or
underventil ated); rmore <han lrequinesl aaifos complee r e i s
combustionfyuel lean or overventilated)y = 1 dstoahionetid cenditions.

Equivalence ratio was probably firstly introduced to describe enclosure fires by
Beyler (1983;1986a; 1986h)however fuel to air ratio normalised by stochiometric
fuel to air ratio was earlier used for example by Ceté@82) Moreover Tewarson
(1983; 1984)was using aeciprocal value called stochiometric fraction. All tese
researchefforts werepublished in early eighties, yet it is attributed to Beyhat he
was the first one to develop correlation between species yieldhaerduivalence
ratio.

It is important to note that commonly used definitiomolvesthe amount of air,
yet Tewarson used for examphe amount of oxygen. That wibe further discusse
in section devoted to Tewarsonds correl a

The calculation of the equivalence ratio depends on the control volume

consideregdtherefore one can calculate a plume, an upper layer, a local or a global
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equivalence ratio depending on the control volume chosen. For instance, the term
Global Equivalence Ratio was defined by P{ft992; 1994a; 199%s a mass ratio
in theupper layer during steady state conditions of Béglerood experiments.
Concise summary of different types of Equivalence ratio is given for instance by
Wieczorek(2003)
oPl ume Equi (RER)& the matio Bfahe igaseous fuel generation
rate at the fuel surface to the air entrainment rate into the flame between the
fuel surface and the hot layer/cold layer interface normalized by the
stoichiometric ratio for the fuel. [Beyler 1983, Pitts 1994]

Uppe Layer Equivalence Ratio the ratio of the mass of gas in the upper
layer derived from the fuel divided by that introduced from air normalized by
the stoichiometric ratio for the fuel. [Morehart et al. 1990, Pitts 1994, Gottuk
et al. 2002]

Global Equivdence Ratioi The ratio of the fuel mass loss rate within the
compartment to the air flow rate into the compartment, normalized by the

stoichiometric ratio for the fuel. [ Pi

2.1.4.1.2. Effect of reduced ventilation

The structure opostflame soot particulates is different for higher equivalence
ratios. That was observed blyeonardet al. (1994) in small scale tests. It was
reported that smoke generated higher equivalenceatios isii may onganic rather
than graphitic and it has an agglutinated structure rather than an agglomerate
st r uc(teonard et al., 1994)it can be qualitativelyobserved inFigure 4
reprinted from Widman2003)
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A

PROPANE
o=10

ETHENE
$=20

Figure4. Structure of soot for various equivalence ratisprinted fromWidmann(2003)with
permission.

Leonardet al. used a small scale apparatus to study behaviour of smoke as
afunction of Equivalence Rati¢u) for methane and ethylen@hey expressed
smoke production asmoke yield which is a ratio of mass of smoke produced (in
grams) to mass of fuel consumed (in grarfksyure5 shows results of their work,
confirming an increasan smokeyield asequivalence ratio increased towsuhity
followed bya decrease for higher values of equivalence rafibey suggested that
smaller flamesat higher equivalence rati@nd thus shorter residence tengere
responsible for lower yields of smoke dyrinnderventilated conditiondVoreover,
they speculated that change in structuragilomeratesnd higher organic content
may also be resulting from smaller f|
at an e dlednard ekal.,4994) 0

ame
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Figure5. Smokeyield from ethylene flames ( 6 f | ow r dtse, off
3.2 cni/s). Data adapted frorheonard(1994)with permission.

Different behavioumwasreported by Tewarsofi993; 20022008) His database,
probably the most comprehensigreon material properties during firesasfirstly
widely available in 1988 based on hisrk in the Factory MutualCorporation
However,his databasevas mainly focused on showing variability in smoke yields
between different materials but foverventilated conditions onljWotwithstanding
there is asection devoted to effects of ventilation. He puldhesults onseven
polymers (wood andix synthetic ones) for various Equivalence ratios, obtained in
his bench scale Fire Propagation Appara(dSTM, 2003) He was varying
equivalence ratio by lowering oxygen level in the forcedlow of air. His results
re-drawn below(Figure 6) clearly indicate thaa strongpower relationshifpetween
smoke vyield and equivalence ratio was observed only for polystyreneaidSpr
polyvinyl chloride PVC) to some extenm Other mateals dd not show strong
dependence on equivalence ratio. His correlas@shown below, andigure6 was
drawn based on his dgtablished in SFPE Habook (Tewarson, 2008)

(ys )vC - a (1)

=1+
(ys)WV exp‘2.5F X )

Where:(ys),. 1 yield of smoke for ventilation controlled conditior(gs)., i yield of smoke for well
ventil at ed iduslrepensnt factors listedCbelows

u



Tablel. Fuel dependent factors for carbon monoxide yields correlafi@wgarson, 2008)

(ys)vc -
0.4

1

0.2

I

0.0

Smoke

Material U 3
PS 28 1.3
PP 22 1.0
PE 22 1.0
Nylon 1.7 0.8
PMMA 1.6 0.6
Wood 25 1.2
PVC 0.38 8.0

——
PP=Pt
Nylon
PMMA
Wood
PVC
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Equivalence ratio (®)
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3

Figure6. Smoke yields as a function of Equivalence Ratio éwespolymers(Tewarson, 2008)

On the other hand, data published bgd (1989) indicatedradically different

trendsat least for wood and other cellulosic materials. Production of smoke was

fii ncreas

ed dramatically with

restricted

Another information about sensitivity of smokielgs to ventilation conditions

can be found ira paper by Drysdale and AbdRahim citedin (Drysdale, 1998)

These authors were investimgy sensitivity of smoke yieltb conditions like radiant

heat flux, oxygen concentration, ventilation conditions and sample orientation

(Drysdale, 1998)However that was established based on small scale NBS chamber

test without measurement ofass loss, i.e. different rates were lumped into general

smoke

obscurati on.

Summi

ng

up,

mitat.

only the total amounts of smoke were studied; it was not possible to chasacteri

whether the reduced smoke emissidar smoulderingcombustion were due to

(0]
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reduced mass | oss rate or due {Ostmdnes s
1996)

Another conclusion can be derived from experiments on a larger scale. Recently,
reseaches at National Institute of Standard and Technology (U&#jducted
systematic research on generation of combustion products in compartment fires,
both at reduced scale with moderate HRRMW (Ko et al, 2009)and at full scale
inside an ISO 9705 room with large HREock et al.,2008.

Experiments at reduced scale were performed in an enclosure which was 2/5
scale modebf the full scale ISO 9705 roofiSO, 1993)with the dimengins as
follows: 0.98 m wide, 0.98 mhigh, and 1.46 m deep. Smoke measurements were
performed gravimetrically from inside the enclosure and reported as soot yields.
Time averaged measurements showing soot yields thoee different fuels are
presentedn Figure7 in afunction of Local Equivalence Ratio.

Figure7 showsthat yields of soot in underventialted, moderate scale fHEIR(
<1 MW) tends to increase for higher equivalence ratio. Such behaviour differs from
the observations reported earliesm small scale experiments, however one has to

keep in mind that different fuels are compared.

1 T T T
© heptane
—ip— fOluene
08 ——aq¢—— polystyrene | =
06 —
g
“
>
04 r —
<
8 8.
® o _
o ° A ®
2 e ’ -
e .)/./.9-»
a % o
o o
0 L 1 1
0 1 2 3 4

local equivalence ratio

Figure?. Soot yield as a function of Local Equivalence Ratio in a moderated scale expedments
NIST. Reprinted from Ko et al2009)with permission

A separate section is required discusssmoke yields derived from smalled
Purser tubgBritish Standards Institution, 2008sed for toxic hazard evaluation of

different materials. The design dhe apparatus enables creation of various
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equivalence ratios for fixed temperature regim@®ndard conditions are listed
which should correspond to different stages of a fire and diffecartariogpre or

post flashover, ventilation or fuel controlledjhis test enables determination of
yields of species (and smoke) as a function of equivalence ratio. However, this test
has been critised for example by Bahunskas(1995)for not simulating areal fire
situgion. In addition heat flux to ainy sample is not knom; and physics of
combustion are noadequately representedhe employed technique of smoke
measurement (measurement in a chamber) has similar limitations to NBS chamber
discusseckarlier, including lack of information on transient mass loss ratethad
deposition of soot on the walls of the chamb@n the other handthere are
publications indicating that smoke data obtained frdme Purser tubewere
comparable with large scale data lionited number of casg$tec et al., 2009)The
published dataverevery sensitive to testing conditions and skdharge variéions

between different fuels therefore no geneelirelationshipvasproposed.

2.1.4.1.3. Effect of vitiation

Effect of vitiation was studied b$anto and Delichatsiogd984) and later by
Mulholland (1991a) Santo and Delichatsios found thia¢ supply ofthe vitiated air,
in the range froml7.5% toambient concentration aixygen(by volume) didnot
remarkably influence carbon monoxide productitmt reduced significantly the
radiation from flames (per unit heighffhey reportecthat less luminous flames
were observed for lower oxygen concentrations thus indicating lower amount of soot
being producedSanto and Delichatsiasoncluded that reduction ¢ie amount of
soot in flames was fiprobably due primar:i
t e mp er ahere rwasono measurement of post flame smoke howeear th
qualitative statement regarding luminosity of flames may suggeghthamount of
smoke may be reduced a result ofitiation.

On the other handMulholland et al. (1991a) indicated that there was no
significant effect of reduced oxygen concentration on smoke production from four
different solid materials. It is also important to note that they kept the air flow
constant and thus ensured that Equivede Ratio was low for all oxygen
concentrations (GER<0.29) so effect of reduced ventilation was not affecting their

data.
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Study of Tewarsorand Steciak(1983) indicated differentoehaviourbut his
results were also based on higher GHferefore effect of ventilation was not

separated

2.1.4.2. Effect of fuel chemistry

The next factor which determines the smoke production is relatedhenaical
compositionof afuel. No general relationshippplicable for all fuels hakeen found
yet, only some general trendgere reported irthe availablditerature(Rasbash and
Drysdale, 1982Mulholland, 2008; Tewarson, 2008
Fuel chemistry seems to be the mostly known factor affecting smoke production,
yet one has to keep in mind limitations of the majority of publications on that topic.
These limitations are briefly listed for instance by Muillwoed (2008): most of the
tests were performed ssmall to bench scale, with majority derived either fritva
Cone Calorimeter othe Flammability Propagation Apparatus with large database
published by Tewarson (2008Recently datavere obtained alsdrom so called
Pursertube(Stec et al., 2009Moreover, most of the data (with the exceptiornhef
Pursertube were derived from free burnings tests, i.e. for overventilated conditions.
Current tests methods are bas on t he assumption that
principally a function ohmaterialand t hat t he O6fire environ
order effectInsufficient attention has been paid to smoke production as part of the
overall fire 0 ¢RashaskeandDrysdale,d¥B2enari 0060
Limitations listed above should be kept in mind when moaedgproposetased

only on yields derived from free burning asmall scale.

2.1.4.3. Effect of scale

AFundamentvailabtid it he of smal | scal e 06s

chemical and physical nature of the material, rather than the fire environment,

or Oscenari o6, are the domioaant factor
(Rasbasland Drysdale, 1982)

There were mangttemptsto understand the effect of scale and correlate smoke
production between smalhd largescalé r eal. 6 f i r es
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Christian and Waterma(1971)tried to correlate irthe early seventiesvarious
small scale tests used at that time with some full scale tests, however without great
success.

It was hypotheszed later by Rasbash and Drysda|&€982)that larger scale tests
with larger flames will result in longer residence time of fuel volatiles in flames.
That in turn could lead to more smoke being produdddht was confirmed for
instance byRasbash(1980) This researchcompared results from NBS smoke
chamber(ASTM, 1979) concludingthat large scale tests of wood aitesult in
smoke productiorsix times larger than reported in accumulated small scalé test
NBS chambe. They also examined other data with some agreemettiriegout of
six lining materialsbut more data ereneeded to proposgenerakorrelations.

Study of Ostman(1991) firstly published in 1988 reported only direct
comparison between Cone Calorimeter data and full scale room corner tests of some
lining materials. She suggested teatoke production per heat release rate was the
most promising candidate parameter for direct comparison. No distirmeas made
for ventilation conditions during large scale tektewever, she published later a full
report(Ostman, 1992)citedin Heskestachnd Hovde(1993) wheresevendifferent
linearcorrelationswvere proposed.

More comprehensive approach was adopted by Mialhd et al. (1989) They
reported that direct comparison between smoke in small and larger scale tests was
possible provided thahe mass loss rate per unit area was matched.

For instancethey reportedhe following smoke yields for small and large scale
respectivel y: Aheptane 0.011 vs. O0.013g/
wood 0.004 vs. 0.003g, and rigid polyurethane 0.093 vs. 0.080g/g.

The main difficulty was tadetermine thearea ofburning specimen for more
comple fuel geometries, like for instance wood cribdoreover thisresearchwas
based also only on overventilated conditions.

Another systematic attempt was made by HeskestadHovde(1993; 1994,
(Heskestad,1994)yet still related mostly to open burningit the same timegther
study was also published birschler (1993)

On the basis of thscientific evidence mentioned beforehatize assumption
that one can obtain data from small scale tests and use it in model to egtct |
scale real firesmust be taken with cautiof.hereforeattempts to predict smoke

production in real fires from tests like tube furngBeitish Standards Institution,
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2003) being a cost effectivesolution may be inappropriate without better

understanding gbhysics involved irsmoke production.

2.1.4.4. Effect of temperature

Effect of post flame temperature on smoke volume fractions has been
investigated by Tolockat al.(1999) Theirresearch on ethylene air diffusion flames
indicated that higher post flame temperature vesponsiblefor reduction of soot
volume fractionsThat effect was even stronger for higher equivalence régigare
8).
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Figure8. Effect of post flame temperature on soot volume fractaprintedfrom (Tolocka et al.,
1999) with permission.

That dependencywas explained byincreased oxidatiorof soot at higher
temperatures affecting also levels of carbon monoxid®at cross correlation
between smoke and carbon monoxide viaé furtherdiscussedin section 2.4
devoted to relationships between CO and smoke production.

It is also important to notice that tmeaximumsmoke yield waccurringat
Global Equivalence Ratijust aboveong irrespective of the temperature. Moreover,
the trend thaexperimentsat higher GER produce lower smakyield is in good

agreementvith data from(Leonard et al., 1994)iscussecaarlier.

2.1.4.5. Effect of opening geometry

The effect of opening geometry was examined by Stark in his study on smoke
and toxic gases from plasti¢s972) He reported that smoke measured outside of a
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large compartment was much smallghen horizontal high level vent was used

instead of vertical vent. His comparison involved slightly different opening factors
(AHY?) and fuel loads, nevertheless optical densities were larger with vertical
opening even by an order of magnitude. He cldirttet horizontal opening aided

mixing of fresh air with fire gases and smoke and some secondary combustion was
possi bl e. On t he ot dlewed airta neath thevuelditectly, a | op
and fire gases and s mokéetak,d978dscape with

2.1.4.6. Summary of factors affecting smoke production

Al f our concern is with smoke producti on

fires, then in addition to problems of scale, the effects oénictosure must also be

considered. In the po$tashover, ventilation controlled fire, complex flows are set

up within the enclosure and it becomes i

or to refer to 6épyrolisisd and O6combust.i
(Rasbash and Drysdale, 1982)

The amount of smoke produced is very often seen only as a sole material
property, frequently determined only from bench scale tests. On the other hand,
results from small scale tests may netdpplicable iralarger scale, as reported for
example by Rasbash and Pid®80) Their smoke data obtained in large scale post
flashover fire were 6 times higher than data from small scale test of the same
material.

Another valuable comment was made by Babrau$k85) who pointed out
that hazards related to smag@nnotbe assessed only based on smoke yield without
any relation to mass burning rateas for condions with relatively small burning
rate even materials with high smoke vyieldlwot producecopious amounts of
smoke. Thereforat is not adequate to report gnsmoke yield as a function of
materialif one aims at full charactedtion of risks from smoke in a given fire
scenario.

Consequentlya brief section on quantification of smoke is requibefore any
further discussionin other words, beforene can answeaquestion of Mulhdand
1982fiHow wel | ar e we onatesacsunderstandi H o aneone e ? 0

measuringsmok® Thi s wi | | be dealt with in the
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2.2. Quantification of smoke production in fires

This subsection explains variouspproaches tosmoke quantification and

exgdains numerous quantities used to characterise smoke production.

2.2.1. Introduction

Smoke can be quantified eithgy gravimetric or optical measurements. The first
methodis based orthe measurement of mass of soot deposited on a filter after
extraction of smoke via a probe. If the volumetric flow through a sampling jsobe
known, then the mass concentration (mass of smoke in a given volume) can be
calculated. The major disadvantage of this method letegk to averaging over
period of time so transient changes cannot be observed. Moreover deposition of soot
inside the sampling probes and necessity of conditioning the filters make it relatively
cumbersomeln addition this method is invasive and not ays can be applied.
Another approach is based on light extinction measurements. Thimtnasive
technique enables monitoring transient changes and can be related to reduction of
visibility caused by smoke via some empirical correlations. On the otimel; tze
informationderived fromlight extinction measurements can be only related to mass
of smoke assuming some constant values derived from literature data. All these

limitations will be explained in sections to follow.

2.2.2.  Light extinction caused by smoke

One of properties associated with smokeaibght extinction coefficient that
describeghe amount of visible radiation being extinct by a givanount ofsmoke
along a known optical path. Extinction is caused by two major phenomena:

scattering and absorptigRrigure9).
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Figure9. Extinction of light by smoke. Contribution absorption and scattering

When a light beam is passed through smadken the ratio of transmitted to
incident lightcan be obtained fronsimplified version of Beéilambert Bouguer
law (British Standards Institution, 1998; Whiteley, 2008)

y —e kL
o @
where:

I/ly 1 ratio of transmitted to incident light)( L 7 path length through the smoke (nk)i light
extinction coefficient (1/m)

Rearrangingthe above equatiogives the formulae for the light extinction

coefficient, theoretically valid for monochromatic light

2.2.3. Smokiness of a fuel

Once light extinction coefficient has been measured, smokiness of eafueke
determined as outlined below.
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2.2.3.1. Specific Extinction Area (SEA - ()

One possible method to describe amount of smokeeleasedrom a given fuel
is based on normalisation dfet light extinction coefficienby themass loss rate af
fuel times thevolumeric flow rate in the measurement sectioAs aresult the
Specific Extinction Areds obtained(SEA; or k), sometimes callethe Specific
Extinction Area on a fuel mass loss basisisTdpproach is useébr instancein the
Cone Calorimeter & (Babrauskas and Mulholland, 1987; Babrauskas, 2002)

(4)

where:
& - Specific Extinction Area on a fuel mass loss bas@d)yk i light extinction coefftient (1/m)

#H

f - mass loss rate of fuel (g/sec)#— Volumetric flow ofgaseghrough the ductm®/sec)

2.2.3.2. Smoke Production Rate

A different methodologydescribing smokiness of a fusladopted in the Single
Burning Item test(European Committee for Standardisation, 20@®@ed to
certificate building produstin the European Union according to Eu@ass.In that

test, a parameter called Smoke Production Rate is calculated:

SPRt) = k3 ¥ o)

where:
SPRi Smoke Production Rate {fa), ki light extinction coefficient (1/m)

V. Volumetric flow of smoke (rfisec)

SPRcan be wunder st and -sacfionaiidrea bfall theesindkee ct i v
p ar t i(Beitiske Standards Institution, 1998¢leased per unit timén its basis
the total smoke production rate aride smoke growth rate inde&re computed,
which combined with Heat Release Rate determthe€uro-Class of a product.

However, this is not relevant for this project and will noflbéherdiscussed here.

2.2.3.3. Smoke yield

Anot her parameter descridsmokageldfi)sIim® ki ne s ¢
defined as fimass of s dnaplets® pradacedoperariass fp ar t i
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mat er i a [(MulbollanchaaddGroarkin, 200@nd it is &pressed in units mass
per mass, usually (g/g).

Smoke yield can be obtained either by weightimgsoot particulatesollected
on a filter(Ostman, 1996) or derived fronthe light extinction measurements. The
latter approachis described for instance by Mulhollarf@000) or by Tewason

(1995) In brief, smoke yield can be derived from the following forrsula

sf
Ys = s, (6)

The rumeratoris calculatedas shown irEq. 4. The denominatois, is calledthe
massspecific extinction coefficienbn a smoke mass basis. It is related to mass
concentration of smoke in a given volume and is wavelength specifippendix
| presentslist of 0s for different fuels and different ventilation conditions as
published in the literature.

Nevertheless,hie underlying assumptiofor Eq. 6is that tle value of Us is
constant.This assumptionallows one to calculate smoke Yaeonly from light
extinction measurementslowever there is significant differendeetween valueesf
Us proposed by Mullholand andsed byTewarson. The former author conducted
areview of many experimental dafislulholland and Croarkin, 200@nd suggested
avalue 8.7 + 1.1 (fig) for most hydrocarbons in oveentilated combustion. In
contrary, Tewarson is using close t010.0 nf/g, which comes from earlier research
by Newman and Stecigt987)

Discrepancybetween values proposed by Mulholland and Tewaisorot the
only factor contributing to possible error in smoke yield calculations. Another is that
both values were derived from experiments in exantilaed combustion and
should not be used for undeentilated conditions. For instance, Gott(992)
suggested that using data from oeventilated in undeventilatedconditions may
produce 50% errokVidmann(2003; 2005)published data which show thattends
to decrease for higher equivalence ratios ethane Widmann (2005) proposed

correlation, experimentally validated for ethane:

s, =9.09exp(- 0.118 ) @)

wherel is theequivalence ratio.
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For instance, for ethane at Global Equivalence Ratio GEBs=I3, 6.4 + 0.2
m?/g. In that casel s i n g <abmut L0 Mg asproposed by Tewarsof1995
gives smoke yield smalldry 36%thanusing value computed from Equati@nas
reportedoy Widmann et al(2005)

A comprehensive list of smoke yield obtainadoverventilated conditions can
be found for instance ifew review publicationdMulholland, 2008; Tewarson,
2008) However, as mentioned earli¢dulholland (20®) highlighted that most of
that data were obtained during free burning and for sseale samples. There is
lack of data on smoke propertigor underventilated conditions Some rare

experiments were describatfeady in sectio2.1.4.1.2

2.2.3.4. Smoke generation rate

From thesmdke yield and burning rateof a materialone can estimate smoke
generation rate, which descrdgdgow much smoke is produced frangiven amount

of afuel being burnt

@j = y, i -

where:
& _ the mass generation rate of product j, for instance smoke%);/w i yield of product (g/g)
defined as grams of product per grams of material bifin: mass loss rate of material (Fon

2.2.3.5. Smoke point

Another approach used to determine generation ratmoke is based on the
O6smoke pointd met hod. Smoke point is
di ffusion flame height ( é) at which
(Tewarson 2002)

Based on this value, generation efficiency of smoke can bgedefiom the

following formula:

h, =-|0.0518n(L,,)+0.070g €)

where:
d sgeneration efficiency of smoke (dimensionlegs)i laminar smoke point height (m)

def

S

m
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Smoke yield for ovewrentilated conditions can be calculated from generation
efficiency of snoke (ds), when naximum (theoretical) smoke yield derived from

fuel chemistryTewarson 2002)

ys :hs3 Ys (10)

where:
ys I smoke yield(g/g), ds i maximum theoretical yield of smoke (g/g), based on an assumption that
smoke is pure carbgfTewarson 2002)

Another approach was proposed DBglichatsios(1993) who suggested that
smoke yield and smoke o are correlated as follows:

y, =0084>"1

(11

sp(mm)

where:
ST air to fuel mass stoichiometric ratibsymm)i laminar smoke point height (mm)

There are some discrepancies between equaposposed by Tewarson and
Delichatsios however they give at least some estimation of smoke fymhl smoke
point measurementsThere was no relationship found in the available literature
which allowscalculaton of the smokeield in undesventilated conditionkased on

the smokepoint concept.

2.2.3.6. Conclusions on smokiness of a fuel

In conclusion, in this sectioa few parameters which characterismokiness of
afuel were discussed. Tbe parametersvere based onthe light extinction
coefficient, which was normaikd either by madgess rate of the sample per volume
flow rate or only multiplied by volume flow rate. The former approach gives
Specific Extinction Area (SEA), the latter Smoke Production Rate. Moreover, smoke
yield and mass generation rate of smoke were descriiedlly, smoke point
approach was also introduced.

In addition to smokiness diiel, it is also crucial to establish how smoke affects

visibility. That problemwill be discussed in the section to follow.
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2.2.4. Mass concentration of smoke

It is a common knowledgéhat smoke reduces visibilityout to quantifythis
phenomenorone needs to descriltke amountof smokebeing present ina given
volume.Parameters presentad previous sectionareinsufficient forthat task and
anothemmeasures required the mass concentration of smokg). It descrikeshow
many grams of smoka&represent ira given volumeand itis expressed igrams per
cubic mete of gas.Knowing it, one can calculate approximately time to smoke
detector activation, visibility, heat fluxdm smoke, provided thaine knowsthe
upper layer temperature arlde amount of smoke deposited on internal surfaces
(Mulholland and Croarkin, 2000Mass concentration of smoke can be obtained
from gravimetricsampling, although this technique is ¢psind labour consuming
and doesnot allow continuous readingBriefly, gravimetric technique requse
sampling smoke and collecting it on a filter. If the filtemsightedbefore and after
the experiment, the massncentratiorof the smoke in &pecifictime periad may

be obtainedrom the following relationshigChoi et al., 1995)

—

= ﬂ 3 R
C = (12

g p

<

\(llv?errr?a.lss concentration of smoke (§/of gas):m,i mass of smoke collected on a filter;(qg)
Tp - ambient temperatur@C); T, i temperature at the probe or sampling line entrgtCk
V, i total volume of sampled gas based on ambient temperatude; (m

Continuous measurements of mass concentration of smoke can be performed by
employing a tapered element oscillating microbalance (TEOM). It was verified that
obtained results are in good agmeent with data from filter samplin@uf et al.,
2008) The main limitation however is the cost of the equipment.

Instead of usingthat approach Mulholland (2000) proposed a novel
methodology to derive mass concentration frifra light extinction measurement
without theconstraints related tgravimetric samplingThis method comes with
the report of Putortj1999) which gives recommendations on smoke measurements.

The formula to obtain the mass concentratisimg that methodology:is
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C= % (13

where:C i mass concentration of smoke (d/of gas) k i light extinction coefficient (1/m)d; i
massspecific extinction coefficient of combustion generated particlégjm

The underlying assumption is that is nearly constant for smoke from
hydrocarbons in overentilated combustiofMulholland and Croarkin, 2000Y his
point was discussed in previogection related to smoke yigldf. section2.2.3.3. It
washighlightedalreadythat it is not valid for undeventilated fires, ass decreases
whenthereis insufficient air for complete combustion.

Summing upall the previous pointanassconcentration of smoke describes how
many grams of smoke are presentigiven volume of gas androm it, visibility

through giversmoke can be estimated, as is shown in the next section.

2.2.5. Visibility in smoke

It is obvious that Mibility in smoke is crucial foffire safety During a risk
assessment it is vitally important to predibe visibility range for which the
conditions are still tenahleDesign of smoke control systemslso requires
information on visibility requirements

Nowadays, visibility in a given fire scenario is often predicted from computer
models such as Fire Dynamics Simulator (F®rGrattan et al., 2007)These
models need reliable input data to compute visibllity next paragraphs present
some shortcomings related to visibility determinationnd in the methodology
employed by these models

Extensive experimental study on visibility in smoke was carried out bgdisin
1978; Jin and Yamada, 1989; Jin and Yamada, 1990; Jin, .2R62)lts ofthese
studesare widely accepted and implemented for instance in fNx&rattan et al.,
2007)and in the British Standard related to smoke measurer(imish Standards
Institution, 1998) A simple exit signs visibility model proposed by J2002)is
described byhefollowing equations, the first one feelfilluminatedsigns and the

second one for light reflecting signs:
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1, 8B.C
caLy =

Visibility

>~—I|—\
|-QDO

(14

where:

Visibility T visibility of signs at the obscuration threshold (ik}; light extinction coefficient (1/m);

Beo- brightness of signs (cdfn U ci contrast threshold of signs in smoke at the obscuration
threshold (0.01 ~ 0.05% i mass concentration of smoke (§/of gas); C=k/{l;; < ilimass specific
extinction coefficien{m¥g); Ly i1/~ of mean il luminance of il l umin.
smoke (m/rf)

For reflecting signs the modified equation is valid:

Visibility —% @5—8 (15

where:
U reflectance of a sign

Summing upyisibility in smoke depends linearly on light extinction coefficient
and also on mass concentration of sm{kg. 15) The latter is related to mass
specific extinction coefficient ). Thus the uncertainty in that parameter is
important for visibility asessment.

Nevertheless, product of visibility andhe light extinction coefficient is almost

constant, therefore the following equations can be used:

Visibility=(5~10)k (m) for a light emitting sign (16)

and

Visibility=(2~4)k (m) for a reflectingsign 17
wherek 1 is light extinction coefficient

The constant depends on the reflectance of the sign and brightnéke of
illuminating light.

Jin (2002) concluded thathe secondelationship(Eq. 17) may be used not only
for visibility of exit signs, but for overall visibility in buildings filled with smoke,
but Athe minimum gmas$ uemay ob e Uriditimbateyt a b § e s
British Standard1998) doesnot mention thatandstates thator overall visibility
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the constant equal t@ shall be usedMoreover, FDS manuaMcGrattan et al.
2007)cites only values 3 and 8 for reflecting antf-d&uminated signs respectively.
There is no mentiothat these values shall be used with caution since there is not
enough validation done so f@vulholland 2002) Furthermore, FDS is often used to
assesthe visibility in spaces filled with smoke anding constant value 3 instead of
2 may result irsignificantoverprediction of visibility. In conclusion,visibility in
smoke may be significantly over predicted if incorrect recommendation from British
Standard or FDS manual is followed.

Another even more importanproblem related to visibility is hidden in
aprocedurdhat isusedfor instancen FDS to obtairthe light extinction coefficient
In FDS, the ight extinction coefficienis derived fromthe mass concentration of
smoke (Eql13). Subsequentlyan inappropriate value @k has a significant impact
on the light extinction coefficient and thus on visibility estimation. For instance,
FDS uses value 8.7 asoposed by Mulhollangand Croarkin(2000) It has been
already explained (cf. sectich2.3.3 what arethe implications of that value for
underventilated condition$t was showrthat it may result irover predictiorof light
extinction coefficient and subsequentlysibility. Accordng to an estimation
presented in sectioh2.3.3 the error for ethane can be about 3@¥ere is lack of
data for another fuels.

The error in the incorrect usage of factor in Eq.17 and possible ertgrfan
underventilated conditions may fortunately cancel itself out but more research is
needed to qualitatively compute visibility. To conclude, results from present

methods need the taken with caution.

2.2.6. Conclusions on smoke in fires

In previous sectionsa few shortcomingsrelated tosmoke prediction were
presented anthe following knowledge gaps were identified:

1 Most of previous effortswere related to overentilated conditions
However,a majority of firesin enclosures develggdo reachthe under
ventilated state, when not enough air is available for complete
combustion. Consequently, data from previgesearchmay be not
accuratewhen applied for underentilated conditionsbecause raoke

particulates differ significantly undearious combustion conditions.
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1 Only two authorsgave correlations which enable calculation of smoke
yield under fuel rich regimeédowever correlation proposed Byidmann
et al (2005)was experimentally validated only for ethatieerefore it
cannot be related tother fuelsOn the other hanaorrelations proposed
by Tewarson(2002) should be questioned as well, because they were
based on incorrect assumptions, as it watically reviewedhere (for
instance constant value @j.

1 There is no relationship based on smoke point which enables to calculate
smoke vyield in undeventilated conditions.

1 Some problems related to massecific extinction coefficient were also
presented. The implication is that visibility calculated for under
ventilated fires may becorrect In addition, determination of visibility
in smoke in some CFD software, for instance in FDS, is inconsistent with
research efforts, because some assumptions areahdt As a result,
calculated visibility may be higher than in reality, which is crucial for fire
protection design of buildings and transportation means, because
asignificant hazard for occupants may occur.

Taking into account these shortcomings, ibviousthat furtherresearch on
smoke undefuel-rich conditions is crucialConsequentlythe contribution of this
work will be presented both in the chapter devoted to methodologycanesults
from this research

Having discussed factors governing $moproduction and quantification of
smokethe secondpart of the literature reviewwill be presented. It is focuseash

production of carbon monoxide in fires.
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2.3. Generation of carbon monoxide in fires

This subsection is focused on production of carboonoxide in fres and
discusses various models and engineemogrelationsused to predict carbon

monoxide generation during enclosure fires.

2.3.1. Introduction

The toxicity of carbon monoxide is associated with its affinity to haemoglobin in
the blood. Sincédaemoglobin has a stronger affinity to carbon monoxide (CO) than
to oxygen, the amount of oxygen (in the form of oxyhaemoglobin) transported to all
tissues decreases when people are exposed to carbon monoxide. Inhalation of this
gas may cause incapacitati within a few minutes, and for fully developed fires
faster than in 1 minute ia close vicinity of the fire originfPurser, 2002)Carbon
monoxide is tasteless so a victim usually does know that there is aigh
concentration of carbon monoxide in the atmosphere; the only signals given by the
body are headache or nausea. These symptoms can be rapidly followed by
unconsciousness. Time to incapacitation depends also on the volume of air breathed,
because the amat of carbonhaemoglobin depends linearly on it. For instanee, th
time to incapacitatiorfor children is shorter than for adulBurser, 2002pbecause
the ratio of volume of air breathed to kilogram of body maggeater. Finally, even
after successful recovery afvictim, carbon monoxide is responsible for delayed
neuropsychiatric sequels, describedvarious references(Christian and Shields,
1998; Kondo et al., 2007These symptoms can occur within a few days, or several
weeks after an incident, and are related to changes in the brain structure. As a result
many severe di sorder s can devel op, suc
forgettd ness, memory | oss @amhaioRi&tralk 20063 oni an f
Having briefly introduced risks associated with toxicity of CO during fires,

relevant research on that subject will be discussed in thierseto follow.

2.3.2.  Predicting carbon monoxide yields/concentrations

Numerous attempts have been made to prezhcbon monoxideformation
within enclosure fires over last fifty years. The earliest correlatiars proposed in
a Fire Research Note preparead 1966 (Rasbash and Stark, 1966)hese early

ficrude correl at avwmilation citeria and fuel ®ad dhowever
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this study was consequently criseid as Afire behavioturs in
been adequately assessed, and the utility of these correlations for actual fires is
I i mi (Pites,dl990)

Newer studies which started to emerge in early nineties resultedbatter
understanding of CO formatiand improved methods to predict tipabcessThese

methods will be discussed in the following subsections.

2.3.2.1. Zeroth order approximation

The simplest, Nfzeroth order approxi ma
referred by hi m agMuldlamd, 1900a;Welholla@dD1990l)d e | o
He suggested that CO yield should be taken as one constant value for over ventilated
conditions and as another constant for under ventilated conditie@rsflaghover.

The proposed values for wood burning are given batowable 2 (Mulholland,
1990b)

Table2. Two level carbon monoxide model proposed by Mulhollgréd0b)

Stage of a fire Molar CO/CQ (-) CO vyield (g/g)
Preflashover 0.002 0.002
Postflashover 0.5 0.3

He suggested that for fired plasticsone should use 0.2 g/g for post flashover
conditions with the exception of PMMA and other oxygen containing plastics. For
oxygen containing plaisss he suggested 0.3 g/g

2.3.2.2. Models based on Global Equivalence Ratio

More advanced approaches taking into actalifferent ventilation conditions
will be introduced in sections to follow. These are based on the relationships
betweenthe Equivalence Ratio and yield of carbon monoxi8eudies that will be
mentioned in the next subsection have been reviewed in sapoblications
recently(Gottuk, 1992;Pitts, 1995; Forell, 2007and therefore will be only briefly
described without a detailed analysis.
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2.3.2.2.1. Correlations derived from hood experiments

The first attempt to correlate carbon monoxide (and other species) with the
equivalence ratio was done by Bey(@B83; 1986a; 1986bHis experiments are
designed to imitate two layer combustion conditions in a compartment fire by
trapping fire products in Bood above the fire. Fire size and distance between fire
and hood wresystematically varied thus enabling controlling entrainment rate of air
befae it reached the hood. In addition, fuel vaporization was known from mass loss
measurements thus plume equivalence ratio could be calculated defined as mass of
fuel volatilised to mass of air entrained into the fire plume normalised by
stochiometric fuebf air ratio. Another equivalence ratio was defined as upper layer
equivalence ratio, i.e. ratio of fuel to air in the upper layer. For steady state
conditions both these equivalence ratiereequal, and that was called later on by
Pitts as a Global Equalence RatidPitts, 1995)

The major conclusisf r om Beyl er 6 s r e scdedafterRittsar e | i
(1994b)

1) dnajor chemical species (including CO) trapped in a hood located above a fire
burning in an open laboratory can be correlated in terms of the global equivalence
rati oo;

2) CO concentrations are ecb3istant bel ow

3) Much more CO igjenerated in underventilated conditions compared to fuel
lean combustion;

4) He observed fuel dependency of CO formation for enrehtilated
conditions,which could be explained based on fuel structure, for example oxygen
containing fuels created largeanaunts levels of CO

5) He was also trying to investigate effect of the residence time on carbon
monoxide yieldBeyler, 1986a)

These relationships were further investigated at California Institute of
Technologyby Zukoski et al. with aslightly modified setugZukoski et al., 1985;
Zukoski et al., 1989; Morehart et al., 199The modification enabled addition of
extra air to he upper layer thus enabling creation of conditions Wh&pger layer<
U pume Moreover the different desiga resulted in lower temperatures of the upper

layer which was attributed to some differemcm results. That enabled to
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hypothesie that uppefayer temperature has also significant contribution to carbon

monoxide formation.

2.3.2.2.2. Correlations proposed by Tewarson

Some explanation othe terminology used by Tewarson is required prior to
description of his correlations. It is worth mgj that he initidly used a reciprocal
value of equivalence ratio, i.e. d0-fuel or oxygenrto-fuel normalised mass ratio
called by him as (bewason antl StecialQ 1983pdathea met er
0st oc hi ome(Tewarson, fl984yat $till denot@d with Greek letter Pli,
He changed it in more recent publicatigiiewarson et al., 1993;ewarson, 2008)
totheterm6 | oc al equivalence ratiod expressed
again labelled Phi. Therefore some confusion may arise when his older publications
are compared with his more recent ones.

Tewarson(1993 2008 proposed fuel depemrdt correlations for normalised
carbon monoxide yields for some selected polym&ig. common, synthetics
polymers and one natural (wood) were investigated by him in Fire Propagation
Apparatus(ASTM, 2003) Unique design of #t apparatus allowed him to vary air
supply thus to modify Equivalence Rati@ewarson and Steciak, 1983je
concluded thatthe generation o€0O, decreases and generation of CO and smoke
(for his correlations on smoke refer to secti@r?.3.3 increases for higher
equivalence rat® Moreover, his corretoons for CQ are not deperaht on
chemical structure of fuels, wheretteey are depersit for CO and smokeAn
adaptation ofT e wa r datansopsesented belofiFigures10-12). Values of well
ventilated yields were taken frolms tabulated databag@ewarson, 2008and his

correlations presented below were used:

(yCO)vc — a

=1+
(yCO)wv eXp(Z'SF -X) (18

(yCOZ )vc — 1 (19)
(Veo, )., expF /2.15) 2
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Table3. Fuel dependent factors for carbon monoxide yields correlaficasarson, 2008)

coO
Material U 3
PS 2 25
PP 10 2.8
PE 10 2.8

Nylon 36 3.0
PMMA 43 3.2
Wood 44 35
PVC 7 8.0

In addition, he recently suggestébewarson, 2008a constant factor between
YedYs for overventilated burning of hydrocarbons, equal to 0.34 + 0.05 (g/g).
A u t h earliér sesearclfUkleja et al., 2009suggested however that this value is
not applicable for underventilated combustion, at least for propane.

Yeo (9/9) T
| Nylon
I
Non

flamming

combustion
P)/C
- CPEandP
“ps

0 1 2 3 4 5

Global Equivalence Ratio (-

Figure10. Correlations for non normalised yields of carbon monoxide for 7 polyr(ieesvarson,
2008)
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Figure11. Correlations for non normalised yields of carbon dioxide for 7 polyifiesa/arson, 2008)
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Figure12. Correlations for non normalised ratios of carbon monoxide to carbon dioxide yields for 7
polymers(Tewarson, 2008)

2.3.2.2.3. Gottukbés engineering methodo

Gottuk and Roby proposed an engineering methodology, ghadlifor the first
time in 2" edition of SFPE Handboo{Gottuk and Roby, 1998nd then amended
by Gottuk and Lattimer isubsequent editio 2002 2008)
That model takes into account a few phenomena, including upper layer

temperature and occurrencetbé external burningThe main carelation proposed
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by themis GER depeneht. For that correlation with GERhéy have proposed two
equations.The choiceof these equationdepend on upper layer temperature limit
<800K or >900K. Thecorrelation forlower temperaturdimit (Eq. 20) is based
mainyon BByl er 6s experiments i Bqg.2hie badedwani t h
Got t uk 6 s cosnpaurdent withreeparated inflow of air. That design allowed
him to derive accurate information about mass of air entrained and thus the plume
equivalence ratigGottuk, 1992; Gottuk and Lattimer, 2002)

Equations correlating yields of carbon monoxide with Global Equivalence Ratio
are presented below with two temperature crité@Battuk and Lattimer, 200&nd
areplotted inFigurel3.

For T < 800K

Yoo = (0.19/180)tan *(X ) +0.095 (20)

Where
X =10(F - 0.8)
tan*(X) is in degrees

For T > 900K

Yoo = (0.22/180)tan *(X)+0.11 (21)

where:
X =10(F - 1.25)
tan*(X) is in degrees

The above methodology presents fmummalised yields of CO as authors argued
that these yields are independent of the fuel. According to thesersutheir
methodology may not give the maximum levels of yields but generally provided

good results.
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Figure13. Correlations for carbon monoxide yields (fuel independ@atittuk and_attimer, 2008)
2.3.2.2.4.  Algorithm of Pitts

Pitts has studied carbon monoxide production for many years and his review
(Pitts, 1995)analysed most of the previous research on that topic. However, he
extended the initial ancept over following years resulting in publication of an
algorithm for CO production in enclosure firgatts, 1997) He didnot propose any
quantitative correlations but tried to explain governing mechanismsmaéheideas
are described below.

The first factor governing CO productiowas called by him the Global
Equivalence Ratio (GER) concept, based on hood experiments described in previous
sections. According to Pitts, CO yields can be correlated with GER cohaiation
is fuel depenent but can be generadid between different groups of fuels. However,
the GER concept can not capture other phenomena which govern CO production.
One has to consider additional three different mechanisms explained bd&idie
listed below:

1 direct entrainment of fresh air into hot upper zone

1 pyrolizing of wood in hot upper zone

1 formation of additional CO in upper zone with very high temperatures
close to chemical equilibrium

However, he discovered lat@Pitts, 2001)that there was a numerical error in

some calculations on which he based his assumptions regarding GER concept in
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large scale tests. It didot invalidate his general algorithm however he concluded

that GER cannotbeglobd v cal cul ated based on 06on

air flow rate ttts, @201 Accotdimgeto hdno somevpartyodthe
fresh air wildl not &émol ecul arewyppnwdactkk 6
to GER is required oO6to include only
upperlayer combustion gases by entrainment into the flume and/or the upper
layerd (Pitts, 2001) In more recent peonal communication with Forell he suggested
6di screte equivalence ratios for the
(Pitts, 2007)

2.3.2.2.5. Wieczorekods correl ation

Study performed by Wieczorek al.(Wieczorek, 2003; Wieczorek et al., 2004a
Wieczorek et al., 2004lgave a new insight into the carbon monoxide generation in

compartment fires. H main conclusions weréadlews:

1 There is no uniformity of gaseous species concentration in the upper

layer even for underventilated fir@d/ieczorek et al., 2004kgs opposed
to generally assumed well mixed conditions inside upperla

1 GER concept is not adequate to fully describe formation of carbon
monoxide in compartment fires.

1 There is dependency of the CO yields on the opening width, not fully
captured by GER concept.

1 Effect of external burning due to flame extensions can umntified

using new non dimensional HRR, a parameter introduced by Wieczorek.

He was able to correlate carbon monoxide yields generated inside the

compartment with the new non dimensional HRR.
The above conclusions will be discussed in the following papdg:
Lack of uniformity of the gaseous species waacluded frondetailed mapping

of species concentration in the exit plane done by Wieczorek. He was sampling at

different locations in the exit planand clearly confirmed spatialariations

(Wieczorek et al., 200418s opposed to generally accepted assumption that gases are

well mixed in the upper layer Wi homog@nous concentrationfhese results were
crucial for design of gas sampling system empldpedhe present studyt will be

further explained in the chapter describihgmethodologyused

t r

wi t
t he
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Results obtained by Wieczorek.fi Figure 3 in(Wieczorek et al., 2004pn)ed
him to formulate second clainndim the list abovenamely thatGER concept is not
adequate to fully describe formation of carbon monoxide in compartment fires.
Moreover, opening width iaffectingCO vyield, as averaged data didt collapsed
into single curve, but separate opening wsdttreated three separate cunass
function ofthe Global Equivalence Ratio.

He claimed that external burnincaused byflame extension is playing an
important role in CO formation. ¢dobserved flames outside for GER < 1, i.e. for
overventilated conditios. To account for that he introducadnondimensional

Heat Release Ratasdefined below:

§o B
6Flame_extensions (22)

where (ﬁdeal (kW) is a product of mass loss rate of a fuel (g/s) and Heat of combustiofuef a

(kJ/g) and6§F‘t’ﬂ“‘é_e><te”SiOn is the minimum theoretical Heat Release Rate (kW) for flame tip to reach
the compartment opening.

In his thesis and subsequent papers he estafllighs value from visual

observation duringhe tests, interpolating between tests without flames outside a

with flames outside. However he has propoaembrrelation to derive@Iame_extension

based on earlier work of Haseri995) and Pchelintse\(1997) Wieczorek has
adapted the coerl ati on to sui't confined pl umes,
entrainment into the base of the flame does not occur via the full 360° circumference
ofthef i re pl ume dab KHa cp tod0pl@GoelBA° for different sizes

of doorwaywidth. The final equation is presented below:

o ~ é ) ~6

—_ a b 25 1 a- Lf 00
(ﬁFIame_extensions_ (1‘%60_81-090_' p-c 3326 2866L§F) 80 (23)

g - C —_

where:H. is the distance from top of the pan (burner) to ceiling larid the length of the flames
below the ceiling

However, he has notalidatedthe equation experimentally and used visual

observation tcdeterminecﬁﬂame,extension. Based on that he was able to correlate yields
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of carbon monoxide with the new non dimensional Heat Release ®atddwever

it must be stressed that he calculated yields of carbonoxide generated only

inside the compartment without effect of reactions outside. Therefore it can be

consi

der ed

as

onl

y

therefore offes limited value for engineering calculatio(fsorell, 2007)

The

(2007) He stressed that gas sampling duiigeczoreld s

ot her I

mi

tati

inside the flame zore during some tests anthe samplingprobes werenot water

cooled. It hd beenshownearlier by Beyler(1986b)that samplingwithout water

cooling frominside the reaction zone gives higher CO leveigcausenot cooled

probes may result in conversion of unburnt hydrocarbons into carbon monoxide.

Beyler gave some examples from earlier work of Gross and Robertson during which

both cool

ed

and

uncool

Aboundary conditions
on of Wi eczorekos m e
research was d

ed probes were usSeE

CO, 7.4% CQ and 12.8% @, while the cooled probe measured 1.2% CO, 1.5%

CO,,and 20.4% @( a |l |

account ,

one

me a s u r e dBeylar, 1986h)Takiyng thatirda s ) A

has

t

o

fractionsto Q presentedn Figure14. There wasot found anyfurther evaluation of

Wi eczorekdéds met hodol
1.0 -
P A Narrow Doorway
09
¢ Baseline Doorway
0.8 B Wide Doorway
0.7 |
0.6
o
D
> 05 ¢
o
Q
0.4 @ Al
0.3 A
0.2 *
A
+ A
0.1 @
0.0 !
0.0 0.5 1.0 1.5 20 3.0

25
Q

o

t a k eorrelaiion bf CO alet i o n t
ogy in the availabl e
A
3
KY A A
A
35 40 45 50 55

Figure14. Carbon monoxide yields (based only on fuel consumigiiimthe compartment) as

afunction of Q. Reprinted fromWieczoreket al.(2004a)with permission.
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2.3.2.2.6. Forell s research

Further evaluation of Global Equivalence Ratio concept was done by Forell
(2007; Forell and Hosser2007) He summaged previous efforts of using GER to
predict CO production in compartment fires and critically evaluated models up to
date. Hisextensive literature review led him to exteBe yl er 6 s i gni ti o
(Beyler, 1984)o predict the occurrence of external burnings a strong reducer of
the amountof CO measured outside of the fire compartment. He aaalysing
different methodologies to predict external burring and flam&ensions and
concluded that expanded Ignition index introduced by Beyler in 1984 gives the best
results. He used that approach with FDS simulation (ver 4) tosgbgegiability of

ignition index to predict external burning.

2.3.2.2.7. NIST research on medium and lage scale,
underventilated compartment fires

Another important contribution was done bgsearchersat NIST. They
examinedgeneration of combustion products in compartment fires, both at reduced
scale with moderate HRR1 MW (Ko et al., 2009and at full scale inside an ISO
9705 room with large HRIRLock et al.,2008.

These studies attempted to correlate mixture frac(Biiger, 1977) with
generation of different combustion products taking into accoartion monoxide
and soot. Mixture fraction is directly related to equivalence i@wmet al., 2009)
thereforecomparisorcan be easily made with correlations based on GER.

Figure 15 shows data from experiments in a reduced scale enclo319@ ih
wide, 0.98 mhigh and 1.46 m degpfor three different fual Presented data show
large scatter, at least for hape, and consequently proposed linear relationships
have to be taken with caution.
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Figurel5. Carbon monoxide yield as a function of Local Equivalence Ratio in a moderated scale

experimentat NIST. Reprinted from Ko et a{2009)with permission

2.3.2.3. CO yields derived from small scale tests

Another approach is to establish correlations, usually fuel deperahsed on

small scale bench tests, for examptem the Pursertube (British Standards

Institution, 2003) This approach, which is beirigvouredby toxicology modelsvas

criticised for example by Babrausk@<®95) He arguedthat carbon monoxide s

are not fuel depemdt in large scale compartment tests and hardly exceeds 0.2 g/g

for underventilated conditions. According to him, data from large and intermediate

scal e tes
yi el d [ é]
guanti fy

t s indi cate that ither e

i s

T h u s -scate nedtsl an tdiffenegt priodeiaiscoh materials to

a variabl e whi (Babrabskas, d995)

var.i

On the other hand, Stext al. (2009) publishedrecentlya comparison of the

results from the tube furnace with larger scale tests and found a good agre¢ment

least fa polypropylene and polyamide66Yet, no quantitative correlationbave

beenproposed

Anothercomparison between small and large scale testotypropylene and

polyamide & was published by Anderssenal.(2005) Their data are presented in

onl

es

Figure 16, however agreement between small and large scale data was found only

for simpleii p o o |

o f i r dnthedargé scgeu Noacbrielations were found

when samples were installed (in the large scale) on the ceiling or on the walls.

Y
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Figure16. Comparisorof CO yieldsfrom tests at different scaleReprinted fromAndresson et al.
(2005)with permission

2.3.3. Conclusions on carbon monoxide generation in
fires

Having reviewed literature on carbon monoxide production in enclosureifires,
can beconcludedthat one cannotrely on data obtained from small scale testdy.
Fuel depeneht models derived from small scale testé\notaddress many factors
governing CO production listed for instance by Pifl997) and in newer
publications Factors that cannot be addressed by small scale test ineftei: of
external burning or flame extensions, upper layer temperataemplete molecular
mixing of the available air with fuetesidence time and treffect of adjacent space.
In concluson, bench scale tests may be useful for evaluation toxic potency of
amaterial but not to provide input parameters for carbon monoxide yields for large
scale models.

At the end othis literature review on smoke and carbon monoxide production in
enclosurefires, one can easily conclude that many factors governing smoke and
carbon monoxide production amgerdependentThat will be discussed in the next

subsection.
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2.4. Generation of carbon monoxide in relation to smoke
production
Production of smoke and carbon monoxide depends on many faasodssused
in the preceding sections, yetereare still lots of gaps ithe current knowledge.
However, many of these governing factors are similar for both smoke and carbon
monoxide. Quesbn may arise if there is any cross correlation between carbon
monoxide and smoke production?

There area few sources givingcorrelation in relation tooverventilated

conditions these are listed ifable4. However no publication has been found that
reports successful relationship between smoke and carbon monoxide for
underventilated condition$n factthe contraryhas beeshown by some researches.
For instance, Leonarelt al.(1994) reported that for underventilated fires CO vyield
was insensitivao fuel structure (for ethylene and methane) whereas smoke yield
was affected, thus themwas no proportionality at all betwegnandy... Similarly,
Ouf et al. (2008) studied three different fuels for GER range from 0.009 to 0.547
They reported CO/soot ratising from 0.1 to 3 fotheinvestigatedange ofGERs.

On the other hand, different behavisurerereportedby Tolockaet al.(1999)
They showed aincreasen CO for higher temperaturegs a result of oxidation of
soot (thusa decreasén concentration oémoke) for richer equivalence rati/Sgure
17). It may suggest thathe increasein CO mayresult inthe decreasan smoke

concentratiasfor higher temperatures.

Table4. Correlations between yield of smoke and yield of carbon monoxide fovevdated

conditions
Publication Details of correlation between smoke and CO
Aithe ratio of optical d
(Friedman, 1986) absolutely constant from material to material, but va

byabout a factor of thre

(Kéylt and Faeth, 1991)| ys=(2.7£07) * Yo

(Mulholland et al.,

1991b) ¥s=(2.3£0.4) *yeo

(Tewarson, 2007) V=(2.94%0.43) *y,,
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Figurel7. Generation of C@top) and smokel{otton) in underventilated conditions for different
temperaturesFigure reprinted fronTolockaet al.(1999)with permission

Finally, a short comment is required on data from large seaperiments
performed recently at National Institute of Standard and Technology (USA). Ko et
al. (2009) claimed that their resultsvere showing steady ratio betweeg,yand y
Their compared these datdth correldion of Koyli and Faeth(1991) However
closer examination of data published by Ko etkigire18) reveals that their claim
should be taken with caution especially for heptane. On the other hand, their data
confirm that claim reasonably well for polystyrene and toluene at least for shnge
conditions testedTherefore further research is needed to examine relation between

Yeo andys during underventialted fires.
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Figure18. Ratio of carbon monoxide yield to soot yield as a funatiblbocal Equivalence Ratio in
moderated scale experimeatsNIST. Reprinted from Ko et a{2009)with permission

2.5. Working hypothesis on factors affecting smoke and
carbon monoxide production

Having reviewed the literature on smokad carbon monoxid@roduction,
aworking hypothesidias been formulatetthat smoke production depends not only
on thefuel andEquivalence Ratio but also on the temperatures and residence time
inside the enclosurdn addition, it seems that CO and smgkeduction may be
interdependent during underventilated fire, as CO production depends on similar
factors.

The examination of both hypotheses was accomplished by set of experiments

following themethodology described the next chapter.
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CHAPTER THREE

Experimental nethodology

3.1. Introduction

This chapter describabe methodology used during this project. It starts with
general information abouhe experimental rig which was used, then disesss
more details all components including novel parts designed during this veonlely
laser smoke meters. Thereafter details of gas sampling techniques are given together
with limitations. Next sections focus on calibration procedures and repeatability
aong with assessment of uncertaintyinally, recommendations for future

Improvements are given.

3.2. General layout of experimental rig

This section describes the experimentalusgd duringhe experiments. It also
explains why certain experimental proceskiwere used and shows links between
the presenapproach and other methods found in the literature.

Experiments were performed in a corridid&e enclosure, 3n long x 0.5m high
X 0.5 m wide. The enclosure was constructed from six cui®ctions(A to F)
connected together, as illustrated inUfgs19-22.

Dimensions of the enclosure were chosen to resemble a typical corridor however
without any reference to any real scale design. Therefore no scaling was performed
andonly awidth to length ratio was selectednmatch ratio from a typical corridor

The inrer walls were insulated witbnifrax board, having thickness 6f04 m
thus allowinghigh temperatureesistance. The inflow of air was varied by using five
different dootlike (without sill) openings sizes in the front panel having dimensions
(widths and heights, respectivel{):075 m x 0.2 m, 0.075 m x 0.3 m, 0.1 m x
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0.25m, 0.2 m x 0.2 m and0.25m x 0.10 m. These openings sizes were chosen to
systematically vary amount of available air.

The fire was produced by a propane sandbox buth&ém{ x 0.2 m having the
longer side parallel to the opening) flush with the floor of the corridor, located in the
centre & the last box at the closed end (Box F). The fuel flow rate and hence the
theoretical heat release rate was set by a mass flow contrélertheoretical HRR
were chosen to systematically vary the amount of fuel in relation to amount of
available air.

In the following subsections the experimental measuremeihtse discussed

Front facade

0.500mj<—>‘

0.250m

Figurel9. General view of the experimental rignesample size of the opening is shown
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Figure21. Location of the experimental rig under the 3 metre extraction Igdre shows also
thermocouples arrangements and location of gases/smoke measurement in the exhaust duct

wire mesh
o

L
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Figure22. Photodrom the construction of the experimental rig) separate boxes during
construction, b) thermal insulah of a single box c) corridor assembled on the rig with front facade
d) two types of gravel used in the burner €) empty gas burner with wire mesh f) installatien of t

burner below the box (box sjale down for installation only)
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3.3. Performed measurements

This section describes various measurement techniques employed in this
research. Explanation with links to similar methods in literature as well as novel

approaches will be covered in the following subsections.

3.3.1. Laser smoke meters for measurements inside the enclosure

Quantification of smoke can be done by two different techniques: either
gravimetrically or by measurement of light extinction by sm@®stman, 1996;
Whiteley, 2008; Levchik et al., 2011)Gravimetric sampling can provide
information on mass concentration of smokeamely onthe mass of soot
particulates irma given volume of fire effluents. On the other hand, light extinction
measurements allow quant#iton of smoke based on obscuration of visible light by
smoke particulates. This nemtrusive technique is much easier to implement and
more importantly can provide information instantaneously. Therefore, during this
research, measurements based onlyigimt kextinction were performed in order to
obtain smoke information asfanction of time.

Light extinction measurements are commonly performed downstream of
acompartment, usually in the exhaust duct, after the effluents are well mixed with
fresh air andcollected by a collection hoo@Mulholland, 1982; Mulholland et al.,
2000) This approach is also prescribed by some internationals starfi&@ds993;
Babrauskas, 2002; European Committee for Standardisation, 2002; British Standards
Institution, 2007.

Only a few publications in the literature described measurements of smoke
directly inside a compartment or an enclosiBendy et al., 2007; Abecassis Empis
et al., DO7; Lock et al., 2008 Smoke measurements inside enclosure can provide
additionalinformation yet previous publicatiorisft space for improvement in the
experimental methodologyTherefore, this study was aimed to expand the
knowledge about smoke mhaction inside the enclosure by improving measurement

techniques.

3.3.1.1. Design of corridor amoke meters

Two laser smoke meters designed for this study were constructed and employed

during this researchi he presentlesign was based ghePut or i 6 s r ec omme
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(Mulholland, 1982; Mulholland et al., 2000; 1999he initial design of the smoke
meter incorporaed a beam splitter and two detectors to check for amgnsity

fluctuations in the laser beafiigures 23-24).
PHOTODIODE

DIFFUSER
DIFFUSER
LASER .
I > >
- n -
Cross section
of the corridor

BEAM PHOTODIODE
SPLITTER

Figure23. Initial design of smoke meter for measurement inside the encl@waes section view
(not to scale)

beam splitter

heat sink

Figure24. Photo of thenitial design of the smoke metgaser side)

During initial trails,the authorconstructed noise cancelling circuit based tre
design of Hobbs (1997) However deposition of soot on the beaplitter was
causing problemseven witha purging flow ofindustrialgrade nitrogen. Purge flow
helped to reduce the deposition but still water condensation on beam splitter was
observed. Heating of this element was not feasible therefore an attempadato
use only one detector. It was found that iteeNe laser, which was used, had very
small intensity drift after initial period of waimg up (about 60 min). After that
period any noise and drift was within recommendatioPwtbri (1999) Therefore,
asimplified designwas madeand the beam splitteand the noise cancelling unit
were eliminatedFigure25). Consequently, averse biased silicon photodiode was
used with no amplification in order to reduce any noise. To simplify the design
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acommercially available photo detector was obtained from Thorlabs.
An appropriate load resistor was chosen to obtainr&gponse from the circuit at
about 200mV. Much higher voltages were also possible but resultednimear
response of the detector. Obtained signal was passed thaougty short (<1m)
coaxial cable to minimize any EMF interference. Data logging wmsisted of 16

bitts analogué digital converters (ICPDAS) and was sampled with integration time
of 60ms and logged in 1 sec intervals. Whole data logging was based on Labview
8.6.

DIFFUSER
LASER
Cross section
of the corridor

PHOTODIODE

Figure25. The final design of smoke meter imeasurements inside the enclos@®ass section
view (not to scale)

Additional explanation is required to describe problems with soot deposition on
detector lenses. Purging was omlyemptedat the interface between the enclosure
and a tube in front fothe detector and it was found that it resulted in a faster
clogging of a small hole (diameter of 1 cm) drilled in the enclosure wall to allow the
measurement. Moreover the usage of nitrogen for purging was not feasible as the
experimental rig was placathder the calorimeter hood so additional nitrogen was
affecting the oxygen balance in the system. Therefore, instead of purging, an
assisted extraction of smoke above the lateral holes in the walls was designed.
A small wooden box constructed to cover titgole smoke detector assisted in the
smoke extraction because it was equipped wimall extraction fan with capacity
of 87 m*hr. The extracted smoke was passed to the calorimeter extraction hood thus
ensuring that all effluestare collected. The woodebox served alsan additional
function, namely shielding bystanders from possible laser reflections. This design
enabled the rig to comply with the relevant Health and Safety Regulations.

Schematic design of the wooden box is present&ibimes 2627.
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Figure26. Diagram of small extraction system abdke lasesmoke meters

Finally, it was decidedo use two similar laser smoke metéosated in two
boxes A and CHigures 20, 2) The first was based on laser supplied by Thorlabs,
whereas the second by DarkStar Ltd. Both lasers were of the same typie-(ie}
but with different powers (the former has 12mW whereas the latter 3mW). In order
to balance the differences in power, tdifferent load resistors were used to bring

the readings to similar level.
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Figure27. Schematic diagram of wooden hoods installed above theslamde metes. Front hood
not shown for clarity.

3.3.1.2. Calibration and performance of the constructed smoke
meters

The constructed smoke meters were checked against various neutral density
filters to confirmthe linearity of their response andhe range of valid readings.
Linearity checks were performed by Neutral Density filters supied horlabs
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Filters were usedaving thefollowing optical densitie¢OD): 0.1, 0.2, 0.3, 0.5, 1.0,
2.0 and combination of 0.5 and 2.0.

The 12mW laser (located in box A) was linear @D=3 (Figure 28), whereas
the second laser was giving acceptable resul®bH2.5 (Figure29).

Calibration of 12mW laser
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Figure28. Calibration of 12mW laser performed on 9 December 2009

Calibration of 3mW laser
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Figure29. Calibration of 3mW laser performed on 9 December 2009
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Noise and drift wre determined according ta methodology described in
European Standar(European Committee for Standardisation, 200)ese tests

were performed after at leas80 minutes warmmg up period(Table5).

Table5. Noise and drift of both smoke meters for measurements inside the enclosure. Data from tests
performed on 18 June 2010. Wairmp period 1 hour. Duration of test: 30 minutes.

Drift as % of initial value  Noise as % of initial value

12mW detector box A 0.00% 0.15%
3mW detector box C 0.00% 0.16%

In addition, constructedsmoke meters were checked agathstcriteria set by
Putori(1999) which were aollows:

1 with no smoke present, the value W, should be between 0.9976 and
1.0024 (which ighe other way of checking noise and drif@btained values
are presented inTable 6, with numbers in red showing measurements
exceeding the criteria. Please note the average values for both lasers are
within limits.

1 for simulation of dense smokeNeutral density filter withtransmittance of
2.5% (Optical Density=1.6) should be used yielding valueBl gbetween
0.0224 and O. 0279. This test was not
such neutral density filter.

Table6. Bothlasersmokemeterschecked againstPutori criterion. Measurement duratioB0
minutes. Values in red exceed limits by Putori, yet the average values for both lasers are within limits

12mW detector box A 3mW detector box C
Maximum ratio 1.0044 1.0004
Minimum ratio 0.9976 0.9964
Range 0.0068 0.0040
Average value 1.0010+/ 0.0013 0.9984+/0.0010

3.3.1.3. Discussion on poblems reported in the literature

Abecassis Empist al.(2007)suggested that thermal radiation from flames may
significantly affect the reading from smoke meters used for measurements inside the
enclosure due to interferences from both visible and infrared radiation. Houwever,
this study, a photodiodewas selectedthat was responsiveonly at visible
wavelengths so no interfereneeas possibldrom thermal radiatiorfrom flames.
Regarding interferences at visible wavelengthsyas confirmed experimentally

during this studythat flame radiation avisible wavelengths was not detectable
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mainly due to a diffuser befotbe detector. In addition, the long tube in front of the
detector helped also to reduce dogward scattering following the design proposed

by Mulhdland (2000) Therefore no band pass filter was employed in front of the
detectorConsequentlythe only problem due to thermal radiation may arise if diode
itself is exposed to an elevated temperature and thus start to drift due to different
responsg at higher temperatuse That could be the case for experiments reported
by Abecassis Empist al. (2007) Thatrisk wasminimised inthe presenstudyby
keeping the detectors outside the enclosure dddianally by wafer heat sinks at

the interface between detector and the enclosure.

3.3.1.4. Data reduction to quantify smoke inside the enclosure

Smoke measurements were based on light extindaculated as explained in
section2.2.2

From the light extinction coefficient, smoke volume fractiwwas calculated as
follows (Choi et al., 1995)

(24)

wheref, is the smoke volume fraction (used units yieldegd n parts pergthenmdss i on,
specific extinction coefficient, which was taken for propane a%/g (Mulholland and Croarkin,
2000)and} s the density of soot particulates generated from propane taken as 1°q\leret al.,

1997)

3.3.1.5. Validity of Beer-Lambert law for large values of the
light extinction coefficients

Accordingto Bohren and Huffma(il983)citedin Ouf (2008),the product of the
light extinction coefftient and a path length trouginoke has to be lower thane
for the BeerLambert law to be valid. This was often not satisfied for experiments
performed in this study due tneasurementtrough not diluted dense smoke. All
data are reported in Append&k Smoke levels are reported as smoke volume
fractions but one can abs check thatthe light extinction coefficientwas
approaching 8 mfor some of the experiment€onsequently, for the optical path
length used being equal to 0.6 m, one obtains the optical depth of 4.8. This is much
higher than requirement of being lebsn one, however this requirement can be
relaxed if contribution of scattering is relatively low compared to absorption.
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Moreover anadditional discussion atis criterion wagpublishedby Seader and
Chien (1974 in relation to measurements the NBS smoke chambefhey cited
older literature(Rozenberg, 1966; Zuev et al., 1969; Zuev, 19¥Hich confirmed
that fora small leam of light the optical depth can be much higher reaching even 18
(for small laser beam).

For the present study, an additional information can be obtained from
comparison of the smoke volume fractions measured inside and outside before
external burning rad compare that with the dilution ratio in the exhaust d&ot.
instance data from test performed on 18 Decensberesented here. Thatio of
light extinction coefficientsneasured inside the corridor aindhe duct was ranging
from 90120 whereas thdilution ratio from entrainment of air into the duct was
about 225. These figures differ about two fold but one has to keep in mind the large
uncertainty of measurements in the duct and remember that these measurements are
done on logarithmic scale. Thévee values obtainedeing of the same order of
magnitude, confirmthat before external burning Bekeambet law is obeyed for
measurements inside the corridor. On the other htrede is no means the
present studyo examine that for conditions during external burning. Consequently,
the validity of obtained results idbased on validation found in the literature
(Rozenberg, 1966; Zuest al., 1969; Zuev, 1974)ted in(Seader and Chien, 1974)

Subsequently, aurther study is required to verify ihe BeerLambert law is still
valid during external burnindor the experimental conditions reped here. For
instance one can use smoke meters with lademat frequency(contribution from
scattering is lower in the infrare@nd compare if the ratio of obtained extinction
coefficients corresponds to the ratio of used frequeri€iaget al., 2008)

3.3.1.6. Measurements of smoke by gravimetric techniques

An attemptwas also madéo measurg¢he mass concentration of smoke inside
the corridotlike enclosure based on the extraction of smoke through a glass filter of
prior known mass.

However ahigh content ovapours in the effluerttadly affectedtie results and
different mass of deposited sawére obtained when filter was keptarconditioned
room for 24 hoursafter the tesand different resultsvhen filter was baked in an

ovenat 105°Cafter another, busimilar test. Moreover clogging osamplingpipe
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was anotheproblem Therefore furtheattempts were abandoned and no daw

reported

3.3.2. Smoke meter for measurement in the exhaust duct

3.3.2.1. Design of the duct smoke meter

Smoke measurements in the exhaust duct were performed accordi8® to
standard(ISO, 1993) namely the experimental rig was located under the hood
connected toraexhaust duct with instrumentation as per ISO 9705. The whole set
up was constructed by Dark Star Research and no modification was poskible. T
system consisted of 3mWe-Neredlaser with two detectors and beam splitter, and
in essence was similar to smoke meter described by MulhglMutholland et al.,
2000) with the exception that Dark Staystem didnot offer detectorinstalled at
small angle to reduce backscattering.

3.3.2.2. Calibration and performance of the duct smoke
meter
This system was checked by means of two neutral density filtighsoptical
density equal t®.3 and 0.8. Other filtersoald not be used as these two came in a
special housing provided by Dark Star Research. Unfortunately, no certificates were
provided for these filters so it was difficult to assess the accuracy and only

qualitative comparison was possiljfegure30).
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Figure30. Calibrationof the smoke meter in the exhaust duct by means of two neutral density:. filters
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3.3.2.3. Problems with smoke measurements in thduct

Calibration with the neutral density filters gave good resutisidver, noise and
drift were sometimes too high, as shownthe table below. Both oise and drift
were calculated ovex 30 min period based dhe method described ian European
stanard (European Committee for Standardisation, 2002js standard prescribes
that both noise and drift should be below 0.5% of the initial value tfadatain
Table 7 confirm that onlythe main detector was performing within specification.
This was related to differetgvels ofamplification of the signal from themain and
from the reference detectorFigure 31 confirms that problem by showing the
response of both detectoas a raw signal in milivoltsit is clearly seerthat the
signal fromthe reference detector was over amplififitherefore, forsomeof the
tests, the reference signal was not taken into accourthefigst maximum reading
from themain detector was taken as initial intensity

To confirm that,Table 8 comparesntensity ratioscalculated by two methods,
namelymain/reference detector and main/maximugading of themain detector It
is clear thatherange of error is smaller foine second case.

Table7. Noise and drift of the laser smoke meter installed in the extraction duct. Data from check
performed on 27 April 2009

Drift as % of initial value Noise as % of initial value
Main detector -0.33% 0.11%
Reference detectc -1.51% 0.44%

Table8. Comparison of different methetb calculate the ratio of incident to transmitted light.
Measurement taken for 30 minutes period

Ratio of signals Ratio of signals Main/Initial
Main/Reference detector Main
Maximum ratio 1.0205 1.0020
Minimum ratio 0.9994 0.9954
Range 0.0212 0.0065

Average value 1.0094 1.0003
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Figure31. Comparison of different fluctuation of main and reference detectors in the extraction duct

3.3.2.4. Data reduction to quantify smoke inthe exhaust duct

Additional information can be derived from measurements inside the exhaust
duct in comparison to measurements inside the enclosure. It is possible to obtain
more data because the flow rate through the duct is calculated frdimedtiona
probes measurement inside. If the flow rate is known, smoke yield can be calculated
as explained in sectidh2.3.3

3.3.3. Sampling of gases from the exhaust duct

3.3.3.1. Technical details of gas analysers

The wholeinstrumentatiorfor gas samplingrom the ductwas supplied by
Dark Star Research Ltd. and was constructed in accordancéS@itstandardISO,
1993) The system enabled measurements of: carbon dioxide, carbon monoxide and
oxygen. Gas concentration were measured on a dry basmelygas samples were
passed througta soot filter (Whatman Glass microfibre filter, GF/B, particle
retentiont o 1 & m) a H.® trapd) cootairgng Drierite (active ingredient
CaSQ). Moreover all gases were cooled down to temperatures below 2°C to reduce
effect of density change with increased temperatime help to reduce amount of
water vapours presenCarbon dioxide was measured by a sbspersive infrared

gas analyzer (NDIR), with microprocessor control and linearization analyzer, model
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SBA-1 by PP systems. It offered measurement rars# ®y volume with precision

of +/- 1% of full scale. Carbon monme was measured witAn electrochemical

cell, whereas oxygen by paramagnetic analyser. All analysers were calibrated daily
with Nitrogen andCO andCO, mixture of about 100ppm CO and 5% COIt was

found however that these concentrans were never reached durimgported
experimentstherefore another mixture of 2@pm of carbon monoxide with 1% of
carbon dioxide was used atater stage. That enabled more accurate measurements
of these gases.

3.3.3.2. Data reduction for measurement ofgases in the exhaust
duct

Most gasanalysersequire that the mixture of gases is dried before it reaches the
apparatus, therefore the reported volume fractions are on dry basis. However in
reality the concentrations will be lower, becausehefwatervapou present in the
combustion gases. The actual difference between wet and dry fractions depends on
the H,O concentration and usually is 10 to 20by volume. Howeverthe present
measurementserenot correctedollowing the methodology described kJanssens
and Parker, 1992)as followed in the present study. Namely, thele fraction of
H.O in the incoming air was taken into account based on relative humidity

measurements. Accordingly, yields were calculated as follows:

Yeo :—%%fmgq (25
X2 (1= XE)- X& - X& - x&)M

., - I’#@ _ "co, o, co, 0, co) Mco, #, (1_ X 0 )
© © 1- X& - X&o, - X&s M, 1+O>%epd§aexp- 1) "

(26)

Yeo = rj;o (27)

f
A (1_ XA° _ XA° )
g = ot 0.~ Xeo ) Meg i 1- x%) (29

_l_ ng - x(?oz - X(?o Ma 1+Oxydepcﬁaexp_ l)



64

0 RH p
=M 29
"© 100 p, =9
p, = e(232—3816/(-46Ta) (30)
M, = Mdry(l' ngo)"' MHZOXSlZO (31

3.3.4. Sampling of gases from the enclosure

Measurements inside the enclosure can reveal more information about actual
phenomena occurring in the compartment in fire. Unfortunately, theadarsk of
standard recommendations ontthaatter. There were some attempts to measure the
gas species in the upper part of the opening, and one of the first quantitative
comparison between exhaust hood and opening measurements was done by Gottuk
(1992; 2002)

This study was designed to give also quantitative information on gas production
inside the enclosure and data was obtained simultaneously in three different
locations for most of the tests. Three portable yzysersupplied by Dark Star
Research Ltd were used, two of them capable of quantification of oxygen, carbon
dioxide and carbon monoxide together with total hydrocarbon levels. Oxygen was
measured by an electrochemical cell, whereas other species by an ioélarétird
gas analyserwas only able to measure carbon monoxide and oxygen levels by
electrochemical cells.

Method of gas sampling was designed to follow recommendatifonseczorek
et al. (2004b) They reported thatassumption of thauniformity of gas insidds
incorrect and based that claim on therkvof Bryner et al.(1994) Therefore gas
sampling shouldely on s @amer Aging techni gquehat Thi s
recommendation by using stainless steel praesed at one end and containimg
set of holes of different sizes along the whole length of the tube. That allowed
averaging of the effluents. Tubes had external diameter of 12 mmelentbnholes
of 4 mm, elevenholes of 3mm andelevenholes of 2.5mm. Different holes sizes
assisted inuniform sampling from the whole length of the tubd@mensions are

shown inFigure32.
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380mm

Figure32. Stainless steel tube for gas sampling inside the enclosure

3.3.5. Velocity measurements inside the enclosure

At a later stage of the projedt,was decidedhat measurement of thwelocities
inside the enclosure may reveal some additional important information. Therefore
two bi-directional probegMcCaffrey and Heskestad, 19A8greused.As no acces
to wind tunnel was possibie was decided to uséhe calibration function proposed
by McCaffrey and Hdsestad(1976)knowing that some error may be presenthas
probes usetad slightly different ratio ofritical dimensions

The probes were inserted inside the corridor enclosure in the lower and upper
part of box C, as showim Figure20. The probes were located as close as possible
to the smoke meter in the middle of the enclosure as information of the flows in the
vicinity of the smoke meter was required for better understanding of obtained data.
Moreover probes could not be instaliedthe vicinity of other smoke meter (box A)
due to disturbance of the flows close to the opening.

Due tothe widerange of temperatures inside, thecosity of air was computed

following equations proposdany Lemmon and Jacobséz004)

3.3.6. Temperature measurements

Gas temperatures inside the compartment were measured by evenly spaced
thermocouple trees (Type K, stainless steel sheath thermocouples with bare beads
size 1.5 mm) inside each of the cubic boxes. Detditheir location are presentied
Figures21 and33.



66

- ) Thermocouple

S |
| = B
L_->~ =— |
- —— |

{ - — | | 0.500m
z 1 |
- —
4‘_\‘-‘ |
j ——e |

! » - | '

0.500m
-

Figure33. 3D view of thermocoupléocation inside experimental corridor

In order toquantify reradiation error, two separate experimental methodologies
were employed, as describég Ergut and Levendig2005) and Brohez with co
workers(2004) The firstmethod led to ealuat errorsbased on measurement with
four different thermocouples located very close to each other in the upper layer of
boxC (bead size 0.25nm, 0.5mm, 1 mm and 1.5mm) and three additional
thermocouples in lower layer of box C (beside 0.5mm, 1 mm and 1.5mm).
Measurements were made atek intervals and quantification of error was based on
extrapolation to bead size of dm. However, different response tisnef used
thermocouples resulted in erratic results for any period wigt famperature
changesThe second methodolodfrohez et al., 2004)as basedn readings from
two thermocouple$lmm and 0.25min Their readingsvere compared to each other
and the following linear relationship wased:

Tcorrected = Tlmm + 1'8QT0.2571m - Tlmm) (32)

where: Torectedi gas temperature corrected forresliation error, Tm I uncorrected readings of
thermocouple with Inm bare bead, gbsmm - Uuncorrected readings of thermocouple wWitR5 mm
bare bead .
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Figure34. Upper layer temperatureeasured witlathermocouple and gas temperagucalculated
from two different methods

It was not feasible to apply this methodology for all thermocouple locations due
to technical limitations. Moreover, performed analysis confirmed that radiation error
was not exceeding 10% of the thermocouple readingng quasi steady state

(Figure34), and that was finally taken into account during uncertainty analysis.

3.3.7. Measurements of Heat Release Rate

Measurements oHeat ReleaseRate were perforred by means of oxygen
depletion. Al fire effluents were collectebly a3m x 3m hood capable of handling
fires up to 1 MV. The calorimeteanalysemwas supplied by Dark Star Ltd (UK) and
was basically designed to meet the criteria of ISO room corner (&#stish
Standards Institution, 20Q7)

3.3.7.1. Data reduction to obtain HRR

Data from allanalysersnvere reducedollowing the methodology describday
Janssens and Park€d992) Basically, readings fromO,, CO, and COanalysers
were taken into accourdnd additionallythe fact that measurements were performed
on adry basis was also incorporated into that methodoldfreover comparison

with other method baseahly on measurements a0 andCO, (Tewarson, 1995;
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Tewarson, 2002Tewarson, 2008yvas always performed to indicateadvanceany
possible problems withiIRRdata.
Oxygen depletion factor was calculatesifollows(Janssens and Parker, 1992)

XE (- X2y - X4)- x4 k- x2)

A A A A° (33)
(1' on - ch - xoo)xo2

Oxydep =

where:Oxygep, I OXygen depletion factor (fraction of the incoming air which is fully depleted of its
oxygen) Xéoz - measured mole fraction)(of CO, in the exhaust gase@,(éo - measured mole

fraction ¢) of COin the exhaust gaseé,(é\2 - measured mole fractior)(of O, in the exhaust gases,
superscripf’ indicates initial measurement before combustion

Heat Release Rate was calculated f(damssens and Parker, 1992)
1- Oxydep Xéog

2 X yl+Oxy.la
(34)

1) I\'\/llo: (1' ngo)xgzo

&= dnycjep' (Eco B E)
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exp

where: ¢- HeatRelease RateMW) from oxygen,CO, andCO measurement in the exhaust dit,

Heat Released per kilogram ©f consumedtaken as 12.68 MJ/kg @, for propaneE., i Net Heat
Release per unit mass @ consumed for combustion &O to CO, (approximatelyl7.6 MJ/kg of

02), M,-mass flow r at e iiexparsibnefactor taken as(lji@l/ozs molecular
weight of oxygen (32 kg/kmol)M A - Molecular weight of incoming air taking into account relative

humidity, X,:)zo - Mole fraction ofH,0 in the incoming air

3.3.7.2. Drift of oxygen analyser

The paramagnetic oxygen analyser Agandency to drift over timéMoreover if
not enough time was enabled for equilibration, then the drift was even higher.
Thereforethetechnique describeoly Bryantet a. (2004)wasused to overcome that
problem. Additionally, adeterminatio of HRR by means o€0O, and COonly

(Tewarson, 2008)as used to double check the obtained results.

3.3.7.3. Calibrations of HRR

Calibration of the calorimeter was achieved by aassje propane burner located
under the hood. Initially calibration was performed at irregular interval, but
subsequently it wasonductedbefore each test. Each calibration run consisted of

afew steps at different levels of HRR anticipated to occur intékefollowing the
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calibration(Figure 35). However, it must be kept in mind, that the calorimeter hood
was designed to much higher (up to MM fires than thoseconducted in this
project The same limitatiorapplies to mass flow controllers being used in the rig
and in the calibration burner. These were designed to supply the propane gas in the
range from Q about 7.2 g/s corresponding of about 8¥% of propandire whereas
conducted tests were in the range6DkW resulting ina largeruncertainty. This

issue will be further discussed in the next section devoted to uncertainty analysis.
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Figure35. Example of calibration datadm 3 mere hood

3.4. Experimental procedure

In the initial phase of each experiment, a flow rate of propane was sek% 10
and ignited remotely by an electric spark. Thereafter the fuel flow rate increased
linearly to a maximum valuprescribed for a given experimefitpon reaching the
maximum desired heat release rate, the fuel supply was kept constant for about 25
minutes for the temperatures inside to re#foh quasisteady state. Longer tests
durations were not advised owing t@@ging of the sampling lines and the smoke

detector ports from within the enclosure.
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3.5. Repeatability and uncertainties of measurements

This section presentsdetailed uncertainty determination for smoke
measurements inside the duct and in the corridorhegetith repeatability of these

measurements. Uncertainties of other quantities are only tabulated at the end of the
chapter.

3.5.1.  Uncertainty of smoke volume fractions

Uncertainty of smoke volume fractions asalysedfollowing the methodology
by Mulholland (Mulholland et al., 2000¥ollowing NIST guidelines (Taylor and
Kuyatt, 1994) Smoke volume fraction being a function of four variables as shown
by Ecs. 3 and24, entails the following error:
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Uncertainties of the four identifievariables are discussed next.

3.5.1.1. Uncertainty in the path length

The large source of uncertainty in the path length determination is related to
smoke escaping through holes in the duct/corridor walls and thus changing the path
length trough smoke.

The uncertainty in the path length in the exhaust duct is onlgr@decause the
flow rate in the duct is large enough to prevent any leaks of smoke.

The path length trough smoke insithe corridor was equal to 0.6 metre but the
distance betweethe laser andhe detector was larger by about 0.2 metre and that
was somehow vable between tests. Therefohetuncertainty in the path length in
the corridor was relatedb the variability of path length between laser and detector
optics. Consequentlythe uncertainty was conservatively assumed td.hemetre
which is half of tle optical path outside the enclosure.

3.5.1.2. Uncertainty in the intensity ratio

Variation in the intensity ratio is attributed ttee noise of the heliuameon laser,
the noise of the electronics, and variationsthe duct exhaust rate. Variations in
extraction rée could affect the amount of air entrained by the extraction hood and
thus dilution of the smoke which is not accounted tcElg.3 and24. Therefore
this uncertainty was determined by statistical methods, namely by computing
standard deviation/mean of intensity ratios from repeated experiments. This
coefficient of variation (calculated atasdard deviation over mean value and
multiplied by 100) is equal to the relative standard uncertainty for a single
measurementMulholland et al., 2000)The intensity ratiol§/l) is averaged during
the quassteady state period at the end of the test. The obtained valu@srésefor
duct measurement€8.8% for laser in box A and 21.9%ér laser in box C. Such
alarge difference between box A and Gligeto the fact that box A is the front box
having the @ening where fluctuations are developed because of flames anchored

near the opening.
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3.5.1.3. Uncertainty in the mass specific extinction
coefficient

The mass specific extinction coefficient for propane was taken (fktutholland

and Croarkin, 2000and uncertainty reported there was used.

3.5.1.4. Uncertainty in the density of post flame soot

Density of posflame soot generated by propane fire was taken {ibfm et al.,
1997) however no indfrmation on uncertainty was reported. Therefore uncertainty
was taken from smoke measurements in acetylene/air flames as rdpo@wi

(1995)where the sotdensity was similar to the value usedhis work.

3.5.1.5. Final statement of uncertainty

In summary,it was establishethat the total relative standard uncertainty for a)
smoke inside box A is 25.8%, b) smoke inside box C is 23.1% asmhaRe in the
exhaust duct is 32.2% the latter owing to very small concentrations in the duct.
Detailed uncertainty budget for smoke measurements is preseftailés 911.

Table9. Uncertainty budget for measurement inside thedor (box A)

. Relative Absolute Type of L
Nominal yp Sensitivit
Variable value standard standard uncertainty coeﬁicien%/s
uncertainty  uncertainty assessment
Path L'ength’ 0.6(m) 16.7 (%) 0.1 (m) B 0.7717
Intensity 0
ratio (Io/l) 68.2 ¢€) 48.8 (%) 33.3¢) A 0.0016
Mass specific 8.0 B
extinction 5 13.8 (%) 1.1 (nf/g) -0.0579
L e (m/q)
coefficientus
Density of 19
. o -
soot (gler?) 0.19 (%) 0.1 (g/cm) B 0.2437

Combined relative standard uncertainty for smoke inside box A is 25.8%
Expanded relative uncertainty is 51.6% with 95% level of confidence
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Tablel10. Uncertainty budget for measurement inside the corridor (box C)

Nominal Relative Absolute Type of Sensitivit
Variable standard standard uncertainty STVILY
value : . coefficients
uncertainty uncertainty assessment
PathL'ength’ 06(m) 167 (%)  0.1(m) B -0.8287
Intensity 0
ratio (1) 93.2 21.9 (%) 20.4 ¢) A 0.0012
Mass specific 8.0
extinction 5 13.8 (%) 1.1 (nflg) B -0.0622
coefficient( (m*/g)
S
Density of 19
: 0 ]
soot (glen?) 0.19 (%) 0.1 (g/cm) B 0.2617

S

Combined relative standard uncertainty for smoke inside box C is 23.1%
Expanded relative uncertainty is 46.2% with 95% level of confidence

Tablell. Uncertainty budgeor measurement in the exhaust duct

Relative Absolute Type of

Variable Nominal standard standard uncertainty Senglt.lwty
value : . coefficients
uncertainty uncertainty assessment
Path llength’ 04(m) 025(%)  0.001(m) B -0.0104
Intensity 1.0256 0
ratio (I/l) ‘) 0.35 (%) 0.003538+) A 0.1604
Mass
specific 8.0
extinction 5 13.8 (%) 1.1 (nflg) B -0.0005
coefficient (m/g)
Us
Density of 19
: 0 -
sloot (/o) 0.19 (%) 0.1 (g/cr) B 0.0022
St

Combined relative standard uncertainty for smoke iregeust duct is 32.2%
Expanded relative uncertainty is 64.4% with 95% level of confidence
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3.5.1.6. Repeatability of measurements

Repeatability of smoke measurements is established from three tests at the same
conditions andgraphically depicted inFigure 36. Presenteddata show smoke
volume fractions in the exhaust duct and in the enclosure from the same three
repeated tests. The repeatability inside the cariglgood. On the other hand, the
repeatability in the duct is good only ftirve period beforehe external burningut
poor during external burning owirig very low smoke levels being recorded during

external burning.
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Figure36. Repeatability of smoke volume fractions in the exhaust dop} @nd inside the corridor
(bottom). All data smoothed over a one minute period.
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3.5.2.  Uncertainty of other measurements

Uncertainties of other measurements were only estimated and their combined
uncertainties were calculated as square roots of squared sums of individual

components. The table below summaristgese estimated uncertainties:

Tablel2 Summary of uncertainty analysis fothermeasurements in this work.

Type A Type B Combined
Uncertainty, Uncertainty, Uncertainty

Ui Ui Uc

Temperature -6.5% to
Accuracy of K type Thermocouple +/- 2.5% 2.5%
Reradiation losses -6% to 0%

HeatRelease Measurements (analyser

drift included) +/- 7.8%
Exhaust Flow Rate +/-5%

Accuracy of gas standards for +/-5%
calibration +/-1%
Instruments Uncertainty +/-3%

Global Equivalence Ratio determinatiol +/-15.8%
EquipmentUncertainty +/-1%

Fuel purity +/-5%
M, = AH’2 formula +-15%

Velocity measurements inside -8.9% to
Pressure measurements +/-1% 6.6%
Gas temperature -6.5% to 2.5%

Probe factor +/-6%

Gas Analyzers +/-6.6%

Zero and Span Gas +/-5%
Equipment Uncertainty +/-1%
Mixing and Averaging +/-3%

Randomerror +/-3%

3.6. Recommendations for future improvements

Author is well aware that certain procedures could be improved in future and
some data obtained in a more precise Wiywever some of the recommendations
presented belovare based on the experience gaidedng ths research program
and thus are a contributon to avalable experimental knowledgePresented

recommendations are only focused on the experimental methodology whereas
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recommendation for &urtherresearchwork as a continuation of this stuavyill be
presented in the conclusiofthis thesis.

Firstrecommendon is related to gechnique of gas sampling from inside of the
enclosureThe current methodvas based on theecommendations of Wieczorei
al. (2004a;2004b)and thus focused on averaging the concentrations from the whole
width of the corridor. Therefore probes with many holes along the whole length
were usedthat could not be cooled easilsampling withoutcooling from the
reaction zone may result in unresdiic values as further reactionsuld take place
inside the tube. That could result for instance in further conversion of hydrocarbons
into carbon monoxide if enough oxygen was availdBleyler, 1986b) However,
the design of watecooling with multiple holes along the tube length was not
feasible during this project.

Secondly, gas analgss used didnot offer any hardware ensuring that gas
reaching the measurement section was kept at the same temperature, @oly the
rate was kept constant. Therefore gases were cooled only by convention
conduction along the stainless steel sampling tubes outside the enclosure.
Subsequently, any variation in gas temperature, in comparison to temperature during
calibration, wasiot accounted for.

Thirdly, a further study is required to verify if for the ndiluted smoke present
in the experimental conditions reported here, the Baarbert law is still valid. For
instance one can use smoke meters with laser at lower freg(eemtgibution from
scattering is lower in the infrared) and compare if the ratio of obtained extinction
coefficients corresponds to the ratio of used frequeri€iaget al., 2008)

Finally, a quantifcation of radiation erros in additional locations is
recommendedespecially outside the enclosure at different elevations. This has not
been done due to time consttgirandalso because it wasiot seen crucial for

reachingtheaims of this project.
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CHAPTER FOUR

Results and discussion

4.1. Introduction

This section presents experimental results obtained during the coutkes of
researchAt the beginning Heat Release Rate (HRR) measurements and calculation
of Global Equivalence Ratio (GERare presented, followed by a qualitative
description of fire behaviour during preformed experiments. Then, separate sections
are presented on smoke and carbon monoxide production. This chapter is concluded
with section on relation between smoke and canmamoxide production during

enclosure fires examined in this research.

4.2. Heat Release Rate (HRR) and Global Equivalence
Ratio (GER)
This subsection preserggperimentatiata orthe HeatRelease Rate followed by
an explanationof how the Global Equivalence Ratio was determinedhis study.
Finally, a comparison is presented differentmethods to determine mass inflow of

air into acompartmenand method used in the present study is validated.

4.2.1. Introduction on Heat Release Rate (HRR)

Figure37 presentsaa comparison of theoretical and measured Heat Release Rates
for four openings sizes. Measurements were mhgleoxygen consumption
calorimetry (cf. section3.3.7) whereas theoreticalRR was calculated from the
supply of propane gaby multiplying the amount of gas supplied (g/s) by the
effective heat of combustion for propamamely43.7 kJ/g(Tewarson, 2002)The
measured HRR in the exhaust duct (caedve) is plotted together with the theoretical
HRR (blue curve)Figure37 presents alsthe maximum ventilation controlled HRR
(green curvehich is derived from the opening sizevadl be explained belowIn



78

additiona grey shaded area indicates underventilateaditions beforen external

burning as discussed below.
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Figure37. HRR history from tests having four different openings and theoretical HRR = 50kW.
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Examination ofFigure 37 revealsthat after ignition and increasa the fuel
supply rate aimntermediate plateau is reached in the measured HRR (highlighted by
a dashed oval). During this platedhe theoretical HR is higher than the HRR
measuredy oxygen depletion in the duct; it is said that the fire is controlled by the
ventilation (opening size) and, consequently, by the amount of air reaching the
combustion zone. Indeedheé measured heat release rate in phegeau yields an
average value agreeing with the maximum ventilatdontrolled HRR (Eq.41)
derived by multiplying the ventilation controlled mass flow of air iritee
compartment (E40) (Fujita, n.d; Kawagoe, 1958Thomas and Nilssori,973) by
the energy released per kilogram of air completely consumed inside (about 3000
kJ/kg) (Drysdale, 2011)

M, =C,3 AH (40)

HRR,. =1500AH 2 41)

where G is a proportionality factor assumed to be (Fhijita, n.d; Kawagoe, 1958Thomas and
Nilsson,1973)and HRR/max is the maximum ventilationanitrolled Heat Release Rate (kW) awd
(m?) andH (m) are the area and height of the opening, respectively.

Using Eq.41, the Global Equivalence Rat{of. 2.1.4.1.) can be expressed as
(Pitts, 1995;Gottuk and Lattimer, 2002; Lee, 2006; Lee et al., 2007; Ukleja et al.,

2009:

F = HRRheoretich/HRR/max (42)

Calculation of the Global Equivalence Ratio by Bg.confirms that during this
plateau the fire is underventilated both inside and outside the enclosurstigoad
area inFigure 37) because the excess fuel does not burn outhigeto low gas
temperatures

Subsequently, flames emerge from the opening as confirmed &ydden
increasein the measured HRR to the value correspondiegrlyto thetheoretical
HRR whereas underventilated conditions persist inside the enclosure. The same
behaviour was observed for all opensigesemployed in this work.

However, alidity of Eq. 40 is questionable when usddr estimaton of the

inflow of air before flashoverBabruaskaset al. (1996)proposed that a more
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complex methodology should be used before flashdwerddition,arecent research
(Yij et al., 2007)suggeste@noverestimation ofhemass inflowcalculated by E40
for openingswith large width to height rat® Contrary to the expectationthe
obtained results confirmed the validity &gs. 40 and 42 for the experimental
conditions employed irhts researchvith the exception of one openirgs presented

in the nex subsection

4.2.2. Modified calculation of the Global Equivalence
Ratio

Calculation of GER in the present study was baseanayuitation proposely
Gottukand Lattimer(2002 2009, furthermodifiedto adapt tahe presentesearch.
Typical definition of Global Equivalence Ratio is presented below (on the left),

with version for mass of oxygen instead of mass of air (on the right):

rH rH
F = I#a = r#a
fstochiomezk:

r#astochlomeb

(43

fstoch\umeb oxygen

r#OXygeQucthet:

where 0 is the GI ol”ﬂhf mass |&sy nate of dukl €gre)efen Mesd fiiaddign of
oxygen in air (0.23) and subscript stochiometric indicate values at stochiometric conditions.

Gottukand Lattimer(2002) proposedsomemanipulation based on multiplication
of thenumerator anthe denominator by theoretical heat of combustiofKnowing
thatthetheoretical heat release rateaigroduct ofthetheoretical heat of combustion

andmass loss rate (or supply of gaseous far8 obtains:

H RRh eoretich

fstochiomer ~ OXygen ¢ fsochiomer  OXygen

c

r#OXygegmchiomeb r#OXygegtnchiomeb

The next step ito introduce the amount of energy released per mass of oxygen
consumedE (Eq. 45) into Eq 44.
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DH _r#
E —_ HRR —_ c fsnochiome:t: (45)

r#OXygechhbmeb r#DXygeGmchbmec

That after rearrangements yields the final version o#Bq.

H RRh eoretich

F = r#a Y o HRRhegretich (46)
oxygen 3000@#3

The simplest approach to derive the mass of available dm i®lateit to
ventilation factor(Kawagoe, 1958ith the proportionality factor equal to 0.5, as
shown in Eq40 (Fujita, n.d; Thomas et al, 1967; Thomas and Nilssb#/3):

Therefore a final version of the Global Equivalence Ratio equation will have the

following formwhich was presented in the previous section agtEq.

F =HRR,, .., /1500AH 2 (47)

where HRRyeoretical IS the theoreticaHeat Release Ratderived from the known supply rate of
propane

4.2.3. Comparison of different methods to determine
mass inflow of air into the enclosure

The a&curacyin the calculation of the Global Equivalence Ratio is strongly
depenént on the accuracy of measurement or estimation of mass inflow iotair
the enclosureThere are many advanced approaches to determine mass flow rates in
and out from an enclosyr@ith anextensive list given by Janssearsd Tran(1992)

Some of thesanethods ee based orthe pioneering work of Kawagogl958) and
Fujita(n.d.)

Kawagoe (1958) proposeda term calledo ve nt i | a tcitedheredfterct or 6
Thomas (2004) as a results fohis studies on wooden cribs burning inside an
enclosure. He correlatetthe burning rate with the ventilation factor, however the
correlation between mass inflow of air and ventilation factor is relatéet@ork of
Fujita (n.d.) cited after Thomast al.(1973) Neverthelessit was foundlater that
the correlation is no longer valid for larger openiigsomas et al., 19670ne of
the reasons proposed by Thomas was that air is no longer drawn by pressure

difference but by entrainmefdr large openingsSubsequently it was reported later
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that tre Kawagoe approach overestimates inflow kas large a50% for large
openings(Babrauskas and Williamson, 1978Recent study by Yikt al. (2007)
analyses that in more details.

Consequentlyjt was decidedo verify if the simple approach based on Ef
can be used in this study to determihemass inflow of air.Verification of Eq.40
was done by comparison of GHRom Eq.42) based on the measur&tRRymax
(dashed ovals ifrigure37) with GERbased on th&lRRymax being a product oEq.

40 and constant value equal 800kJ/kg (energy released per kilogram of air
completely consumedResuls of this verificationare plotted inFigure 38a. It can
be seen that good agreement was reached ftreadipenings with the exception of
one opening having a width of 25 cm and a height of 10 Tdms is related to
relatively large ratio offtat opening width to the compartment width as reported
by Yil et al (2007) Consequently for this opening @ilormulaewas used and
avalue of 0.36was employed in EG40 instead of 0.5Corrected results are plotted
in Figure38b confirming validity of that apach.

To conclude,contrary to the expectations, the obtained results confirmed the
validity of Eq.40 for the experimental conditions employed in this research with the
exception of one opening having a width of 25 cm and a height of 10 cm. For this
openingthe methodology proposed by Yat al. (2007)was ugd and yelded good
results. Subsequently, it was not necessary to use otbe¥ advanced methsd

(Janssens and Tran, 1992)
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4.2.4. HRR after external burning

Previous subsections4..1:4.2.3 explained how theduration of the
underventilated conditions &g determined Moreover, these sections were focused
only on the conditiondefore external burninglThere was no discussion on the
measued HRR after external burning which will be presented now.

Examination of the Heat ReleasatBs after flames were visible outside (cf.
Figure37 and Appendix 4) reveals that not always the measdfid wasequal to
the theoretical HRR from the fuel supply.

A recent publication by Hu et.g2012) analyses that problem and reports that
amount of excess fuel (in addition to the amount required to provide HRR=1500
AHY must be higher than a critical thresholds, namely: critical loesmd upper
fuel supply flav rates. Below the critical upper fuel supply rate only an intermittent
burning outsides observed and below the critical lower fuel supply rate no ignition
outside skesplace. Huet al.correlatel these values with ventiian factor but that

is beyondthe scope of this work.

4.3. Qualitative behaviour of fires observed in the
corridor like enclosure
This section presesta short qualitative description ofaime behaviour during

theperformed experiments

Three different fire patternsere observeduringthe performedexperiments:

a) sometime after theignition, flames were observed outsidesither as only
hot glowing soot in smoke or as full bright flames clearly visible outside

b) there vereno flames visible outside and no flame propagation was observed
inside (via the visual observation through the openfogjhe whole duration
of a test

c) flames were extinguishedue to not enough oxygen being pregest few
minutes after ignitiopwhich happened just for a feof these experiments.

One needs to keap mind that this work was focused on production of smoke

and carbon monoxide duringnderventilated conditions. Therefore, most of the

performed tests were designed to readsditonditionsby choosingatheoretical
HRR (from known fuel supply rate) whighelded GER>1(details in sectiorB.4).
This was achieved by choosing theoretical HRR larger than ventilatioinoted
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HRR which for largest opening employed in this studyas around 26.8%kW.
Consequentlythe majority of the tests were performed aRR>30 kW, but not
exceeding 6&W becauset was foundearlierthatprolongedesting withfires larger
than 60kW was significantly damaging this particular experimental figr HRRs

in the range 3®0 kW the majority of the performed tests reached a stage evher
flames were observed outside, in other wordsstnof the performed experiments
were characterised by condition a)ove namelysome type of flames agfinally
observed outside of the enclosure.

Visual observatios through the opening revealed that flamsere detaching
from the burneffor tests with GER > 1After detachmentflames were travelling
towards theopeningthenfinally stayedanchored in the vicinity of the opening and
protruckd outside.This phenoranon being different frontypical external burning
or flame extensions(Gottuk and Lattimer, 2008)will be discussedn the next

subsection.

4.3.1. Detachment of flames from the burner and
propagation towards the opening

Detailed analysis of thavailable data confirmethat for tess with GER > 1
flames weredetaching from théournerand were travelling towards the opening
After some time, flames weilecated inthe vicinity of the openingThis situation
was confirmed byneasurements @éémperatureconcentration of variougasesand
velocity bybi-directional probes locatadsidethe enclosureFor the majority of the
tests with GER>1the following type ofexternal burning happened: there was no
burning deep inside the corridor but most of the flames were at the interface between
the corridor and the opening. That required, of course, some tim@ddlames to
travelalong the corridoseekingfor fresh air.This is schematically shown dtigure
39 which illustrates different stages of a single experimelRigure 40 shows how
internalwalls of the enclosure looked like aftesiagle test. That photographeibg
taken from outside, showthe walls inside of the corridor close to the opening
confirming that no soot deposit was visible on walls because it was oxidized by
flames. The interface between flaming arah-flaming regiors is indicated by blue
dots.

The flame detachment and travel along #mclosureresemblesi ghost i ng

f | a mepartéd earliem the literaturg(Sugawa et al., 1989; Audouin et,d997;
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Bertin et al., 2002; Most and Saulnier, 2Q1Ghosting flames are characterised by
lifting of the flames and complete separation of the flame from the pyrolysis zone.
However,lifting of the flames above floor levalas notseen in the presestudy
contrary to observations &ugawaet al Therefore it would be more appropriate to
call these as Atravelling flameso which

The rate of flames propagation was earlier investigated by previous PhDtstuden
working with a similar enclosure and his findings are briefly summarised below.

Beji (2009; 2011ajevealed and quantified the propagation of flames towards the
opening in this enclosure, by nmsaof comparison of temperature history inside.
Temperature measurements at the same height but in different cubic boxes along the
long axis of the corridor were compared and plotted against time. It was assumed
that the peak of the temperature recordedhey highest located thermocouple in
agiven box indicated the transition of the flamevelopethrough that point. This
temperature cannot be understand as a flame temperature but rather as a gas
temperature due t edimBrsibnal dighrastermeatt u roédd tthher
(Pearson et al., 2007Nevertheless Beji overlapped upper layer temperatures in
various boxes as a function of time thusak values of those temperatures were
shifted in time and showethe movement of the flarse These data confirmed
visual observations that flammavere propagating along the corridor towards the
opening. Moreover, a sudden decreaséhe upper layer temperature in boxes far
from the opening confirmed that the flasngere no longer attached to the burner.

That methodologyenabled calculation ofhe velocity of these travelling flames
(Figure42 andFigure43). It is worth notingthat a similar methodology was used for
instance by Bertii2002)to investigate velocity ahe ghosting flame.
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Figure39. Qualitative illustration of flames behaviour
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Figure40. Post fire investigation of soot/flame patterRed lines indicate borders of cubic
construction elements, blukttedline indicatedlame locations in the last part of the tgsb soot
patters due to oxidation in flames)
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Further investigationwas carried out on data obtained not only from
thermocouples but aldoom gas measurements insideor instance, one tegill be
analysedelow. Details of the test were as followgpening width 10 cm x height 25
cm, theoretical HRRof 40 kW', Flames were first observaalitside 667seconds
afterthe start of the test (624e®ndsafter ignition of the burner)¥igure41 shows
all temperatures inside the enclosure as a function of time wHeigpae 42 shows
only readings from toghermocouples installed in each box.e3data clearly
confirm advancement of flare®ver the whole length of the enclosure starting from
the boxF where the burer was located. Computed location of the peskfunction
of time (with linear interpolation in between) is shoimrFigure43, indicating that
thereweretwo separate regimes of velocityflames were propagating on a slower
pace between boxes F andiiitial phase)and then aanalmost constant velocity of
0.64 cm/sedrom boxes E till B However additional data werequired fora better
understanding of what was happening beyond the flemrelope A comparison of
various gases measured inside (in the lower part of bao@rmedthatbehind the
flame envelopethe oxygen concentration was very l@md thereforeno flames
could existin boxes F till C at that tim@~igure 44). Furthermoreconcentration of
total unburnt hydrocarbons wasceeding the maximum reading of the analyser, i.e.

higher than 3.5%, indicaiy thatthefuel was present feeding flames at tipeming.

" Data from all experiments performed by author are reported in the Appéribietailed analysis of
temperature data is outside of the scope of this work and was performed for similay &sfis
(2009; 2011a)
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Test no 130810-1, width 10cm x height 25¢m, 40kW

Temperature (°C)

Temperature (°C)

. BN -
\----’_—:1‘~’-’—F/\ 1

Temperature (°C)

‘ /' No data available
-/ from bottom temperature sensor
'/ i i 1 " |- Ak i i " L i " Ak ) i i ('
600 1200 1800 600 1200 1800
Time (sec) Time (sec)

1

—— Top temperature (3 cm below celing)
——— 5th temperature (38 cm above floor)
4th temperature (29 cm above floor)
3rd temperature (20 cm above floor)
—— 2nd temperature (11 cm above floor)
——— 1st temperature (2cm above floor)

Box F E D C B A

Figure41. Thermocouple readings from all boxes along the corridor length as a function of time.
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Figure42. Top thermocouple reading from all boxes along the corridor leasgtHunction of time.
Test no 130814, W10cm x H25cm, HRR=40kW, GER= 2.13.
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Figure43. Propagation athe flamesthrough the enclosur@sa function of timeTest no 130814,
W10cm x H25cm, HRR=40kW, GER= 2.13.
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Figure44. Gases measured in the middle of the enclosure. Top: Oxygen with temperature history,
Bottom: Total hydrocarbons with temperature histofest no 130812, W10cm x H25cm,
HRR=40kW, GER= 2.13.
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Data from the present stughas used to dhinvelocities of the travelling flames
from all tests It was found that a good correlation exist betweelocities of these
travelling flamesand GER Figure 45). Remarkably, the obtained velocity range is
of the same order of magnitude as the velocities of ghosting flames reported by
Audouin (48 cm/s)(1997) and Bertin (9 cm/sj2002) Lower velocities reported
here may be related tadifferent range of GER examined and measurement

uncertainties.
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Figure4b5. Velocity of the flamdravellingalong the corridor as a function of Gloljuivalence
Ratio.Data averaged over boxBsE.

4.3.2. Detachment of flames from the burner as a result
of adrop in oxygen concentration

Additional sensors used in the present study revealed further information on the
nature of the detachment of flanteported in the previous section. It wiasnd that
the detachment of flames from the burner was directly relatedstaarp drop in the
oxygen concentratioin thevicinity of the burneras shown irFigure46. That figure
shows temperature data from thermocouples installed in last box together with
oxygen concentration in the lower layer tie close vicinity of the burner. As soon
asthe oxygenconcentratiorsignificantly dropped, the temperature measured in the
upper layer red curve) dropped also, thus confirming that flames were no longer
present. Howeverextinction was not observed artde flames started to travel
towards the openind:his is further confirmed bylata inFigure47 which shows top
temperaturealongthe whole corridor together with oxygen concentration measured

in the vicinity of the burnefThe ransition of the peak temperatures between boxes
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F and Ecoincided withthe drop of oxygen level irthe vicinity of the burner. After
this drop flames detached the burner and started to trawether towards the

opening. This is again confirmed by peaks of temperatures in other (fagase

47).
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Figure46. Temperatures in last box together with oxygen concentration shoglatgpn between
oxygen concentration in the vicinity of the burner and detachment of flafest no 181204,
Opening size W10cm x H25cm, HRR=50kW, GER= 2.7
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Figure47. Top layer temperaturedong thecorridor with oxygen cocentration measured close to the

burner showingelation between oxygen concentration in the vicinity of the burner and detachment of
flames.Test no 181204, Opening size W10cm x H25cm, HRR=50kW, GER= 2.7
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Further analysis revealed thtae detachment ofhe flames from the burner was
correlated withthe Global Equivalence Ratidrigures 4546 presenta correlation
between timeof detachment anthe Global Equivalence Ratio. Timef detachment
could be derived from temperature dateg(ire48) or couldbe basean thedrop in
oxygen concentratiofFigure 49). Resultswere very sinilar, just slightly shifted in
time. Basically, it confirmed thathe detachment of flames was strongly correlated
with the Global Equivalence Ratio and abhe experimentsvith GER>1 were
characteried by detachment of flamel.is worth noting that thee findings show
alink between a global parameter (depending on HRR and openingvitize) local
phenomenornf time of flame detachmenthis could be explained by recirculation
of gases insidehe enclosurevhich resulted in depletion of oxygen the close
vicinity of the flame. Model of such recirculation was proposed for instance by
(Delichatsios, 1990)

Additionally, it was found that faster detachment of flamesn be related to
preheating of the etmsure. Preheating is understood as starting a testmin a
enclosure which dichot cool down completely aftea previous test This claim

needs however further investigation ais ibased only on two tests
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2 $+ ve we .
- 0 >
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Figure48. Time of flame detachmefibased onemperature p inthelast boy as a function of the
Global Equivalence Rati®ashed line represesitted trend.
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Figure49. Time of flame detachment (based on drop in oxygen concemfyas a function ahe
Global Equivalence Rati®ashed line represefitted trend

4.3.3. Overventilated conditions and no detachment of
flames

Previous figure do not present any data for GER
flames was observed for tesh overventilated conditiong\n example ofsuchatest
is presentedn Figure 50which shows data from tests withe Global Equivalence
Ratio equal to 0.8. This graph presents oxygen concentration measurddein
vicinity of the burner overlapped with temature data from the same box. Oxygen
level did not drop below 15% and temperature was rising constantly and no flame
detachment was visually recied. This is confirmed by

Figure 51 showing top temperatures from various boxes with no sign of
travellingflames.

To conclude all the experiments with GER>1 were characded by flame
detachment whereas flames stayed anchdoethe burner for experiments with
GER<1.
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Figure50. Temperatures ithelast box together with oxygen concentration in the vicinity of the
burner.Test no 101202, Opening size W10cm x H25cm, HRR=15kW, GER= 0.8
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Figure51. Top layer temperatures in whole corridor with oxygen concentration measured close to the
burner. Test no 101202, Opening size W10cm x H25cm, HRR=15kW, GER= 0.8
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4.4. Production of smoke inside and outside of the

enclosure

This sectiondiscusseslata on smokeoncentrationseported as smoke volume
fractiors. Measurements inside and outside are compared ddfetences are
analysed.

4.4.1. Introduction

One of the aims of this study is to compare data on smoke from measurements
performed inside and outside of the corridor (in thehaust duc. Such
acomparison is crucidior betterunderstandingpf smoke production in enclosure
fires.

For detailed disgssion, the smoke behaviour is analysed in relation to three
stages of fire development in the experimental rig: 1) globally overventilated
conditions at the beginning of each test; 2) globally underventilated conditions
before flames emerged outside of tbnclosure and finally 3) after flames emerged
outside of the enclosure. It is important to note that these stages are not necessary
meaning preand postflashover. Flashover is related to ignition of all combustible
materials inside an enclosure and Uiyuan-set of flashover is associated with the
upper layer temperature in the range 500°C to 6q@84brauskas and Williamson,
1978) Fire which reaches flashover stage is usually no longer fuel controlled but
ventiation controlled and thus become underventilated till flames emerge outside.
However it is possible to have underventilated fire which mot reach flashover
stage;subsequentlyires in enclosure with very large openings can reach flashover
and still ke overventilated. Therefore this analysis is related d@er and under
ventilated conditionand notto pre- and postflashover fires.

Behaviour of smoke during three stagesntioned earlieis presentedh Figure
52. Datapoints arepresented fronsix experiments with different openirgizesand
theoretical HRR. Blue curvepresents smokgolume fractionsinside theexhaust
duct (scaled up 100 timegreencurve presentsmokevolume fractionsnside the
enclosure and black omeesentsneasured Heat Release Radete that the smoke
concentration in the duct was two orders of magnitude lower thanin the
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enclosure because of the dilution of the ganethe exhaust ductGrey shaded area
indicate when fire was underventilated globally, sw@cleondition ceased when
flames emerged outside the corridor.

Short description of smoke behaviour during these three different stages is
presented below; detadleanalysis is given in subsections to follow.

Stage |- Shortly after ignition, the fire was welentilated as there was still
enoughair available During this period, smoke volume fraction increased inside as
well as outside of the enclosure.

Stage Il 7 This stage is related to globally underventilated conditianging
that timeflames startedo mowve along the corridotowards the opening at the front
Smoke behaviour during these underventilated conditions can be divided into two
separate regimednitially, immediately after fire became ventilation controlled
(grey shaded arem Figure 52) there was a slight decrease smoke volume
fractiors (both inside andoutside), followed by a second regime during which
smoke volume fractions increased.

Stage Il 7 As soon as the flame reached the opening, fire was no longer
underventilated, at least globally. Measured HRR reacksddes close tathe
maximum designedalue Figure 37) thus confirming that almost all released fuel
was consumed, partially inside and partially outdjide additional discussion on
HRR during that perid consult section4.2.49. Conditions were globally
overventilated and the smoke volume fraction dropped outside the enclosure due to
external burning. Howevesmoke volume fractions inside continued to increase.

Detailed analysis of smoke behaviour during these stages is discussed in sections
to follow.

" The exhaust flow rate was in the range of 1.3 to 1/5,rs0 for instance for the opening 20cm x
20cm and assuming outflow from the enclosure equal to inflow equal to &% converting
volumetric flow in the duct to the mass flamme can obtain dilution ratio of about 200 which is in a
good agreement with two orders of magnitude difference in concentration between duct and inside the
enclosureDetailed analysis is presented in secoB.1.5
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4.4.2. Smoke volume fractions inside the enclosure
during Stage | and I

This subsection describdghaviour of smokeluring Stages | and,lhamely
from the ignition till the flames were visible outside.

For most of the testshe smokeconcentration wassing following anincrease
in theamount of fuebupplied;howeveran unexpected drop was recorded assthe
undervetilated conditions developed (grey shaded ardagure 52). This was
observed for althe tess with GER> 1. It was inferred that the decrease of smoke
volume fractions was related to decreasing concentration of oxygen as shown in
Figure53. That decrease of smoke concentration finished as soon as oxygen level
dropped significantly and then aerodynamic processes started to dominate as will be
explained in sections to follow. Rter research is required however in order to fully
describe this relationship between oxygen concentration and smoke production.

A similar trend was observed also for carbon monoxide measurements inside, in
the location adjacent to smoke measuremdtitgire 54 shows data on smoke and
carbon monoxide from tests with three different openings but the same HRR (no
data is available for the fourth opening). A black cupresents smoke volume
fractions inside and a blue curve presents carbon monoxide concentrations measured
inside the corridor. A decrease in the carbon monoxide concentration clearly
coincides with the decrease in the smoke concentration. At the same $imaila
increasan carbon dioxide was recorded. This is clearly illustrateigure55. This
increasen carbon dioxide indicates conversion of @@d unburnt hydrarbons to
carbon dioxide in the presence of oxygen available in the initial part of the test
(Thiry, 2011) Unfortunately there is no confirmation of that phenomenon in
temperature data, probably because of shodticeatime andhe delay in response
of the thermocouples. Moreover, data logging of temperature was performedaat 6
intervals due to the limitations of the hardware (too many channels).worih
noting that as soon as oxygen level dropped signiflgathat conversiorof CO to
CO, was stopped
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4.4.3. Anincrease in smoke volume fractions inside the
enclosure after flames emerge outside (Stage lll)

This subsection describes belwaw of smoke during Stagd, namely from the
point when the flames were visible outside. éplainedbefore as soon as the
flame reached the opening, conaiits were globally overventilated. The smoke
volume fraction dropped outside the encloswkereasan increasein smoke
concentration was measured inside the enclo3ire.decrease outside is due to the
occurrence of external burning which provides envirent for further oxidation of
soot within flames but the increase inside requires additional explanation.

The aithor inferred that the increase in smoke volume fractions inside the
enclosure is related tthe propagation of flam& along the corridor(cf. section
4.31). It wasfound unexpectedly that this increasesmoke volume fractions
relatedto the change of the flow pattern behind the moving flameelopein the
sense that hot gases started to travel near the ceiling backwards towards the closed
end of the corridorThis change of flow and recirculation of combustion products is

discussed in the next subsection.

4.4.4. Recirculation of gases inside the enclosure

As stated beforethe increasean smoke volume fractions insidée corridoris
related torecirculation of gases within the enclosure. Tlegirculationis caused by
transition of flames from the burner towards the ope@sgexplained in the section
4.3.7). Further insight of this process was obtained by twalitgctional probes
installed inside the corridofirst one in the lowetayer,and seconadne in the upper
layer, close tothe middle of the rig ¢ection3.3.5.

It was foundthat the change of flow directiongiside was taking placdehind
the flame travelling along the corridotowards the opening. It is schematically
depictedin Figure56. One has to keep in mind however that the presentemadia
is based only on 2 dimensional measurement of velocity whereas in reality the flows

inside are 3 dimensional.
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Flame Bi-directional probes

Burner
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Figure56. Change of flow pattern inside the enclosure during flame transition towards the opening

At this pointit is important to recak sketchpresented by Audouiet al.(1997)
which was published in theistudy on ghosting flame#\ part of this sketch is
presented irFigure 57. It can be seen that similar trends were reported regarding
reversed flows behind the ghosting flame

This behaviour was confirmed the present studyy bi-directional probes data,
as shown irFigure58. This figure presents velocities measured in the upper layer
(blue shaded contour) and in the lower layer (gsdeded contour) overlapped with
top layer temperatures measured in boxes D, C, and B. Peaks of upper layer
temperatures indicate transition of flames between boxes. Transition through box C
(bi-directional probes were located in that box) coincided ire tiith change of
velocity signs. This change of signs was caused by reversion of flow patterns inside,
namely gases started to flow towards the opening in the bottom layer and towards

the burner in the upper layer. This data confirmed that flows changsdoasas
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flames passed the-directional probes and proved that that the reversion of flows

wasoccurring behind thaavelling flames.
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Figure57. Audouinés diagram showing reverAdagel f | ow
from Audouin et al(1997)with permission.

This change of flowdirectionsand recirculation of combustion products was also
confirmed by data on the oxygen concentration inside the enclosure as shown in
Figure59. This figure confirmghat drop in oxygen concentration coincided in time
with reversion of flows at around 600 seconds indicated by change oinsibe
measuredvelocities. Oxygen level dropped because behind thavelling flames
there were present only products of combustion and unburnt Tines is again in

agreement with data on oxygen concentrations presented by Auaunes7).

di
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Figure58. Comparison of 6 tests wheredirectional probes were usetlowing velocitiesn the
upper and lower layer (measured in box C) together with upper layer temperatures in ioxeslB,
D. All data smoothed over 30 sec period.
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Figure59*. Comparison of 6 tests wheredirectional probes were used showing velocities in the
upper and lower layer (measured in box C) together extyen concentration in lower layer of box
C. All data smoothed over 30 sec period.

445, An increase in smoke concentration inside the
enclosure as aresult of reversed flows

Reversed flows behind theavelling flames were the main reason fothe

increasein smoke concentration inside. i$hwas confirmed by data presented

" Please note th&tigure59 depicts the whole tests, showing also data after gas supply was turned off
and flame self extinguished thus enabling fresh air to enter the enclosure as confiramddogase
of oxygen concentration artdereturnof the flows to the initial directions at the end of the plot.



10¢

Figure60. This figurepresents velocities measured in the upper layer (blue shaded
contour) and in the lower layer (green shaded contour) overlapped with smoke
volume fractions measured in box A (red curved & (black curve). Positive sign

in velocity measurements indicates flow towards the opening. Thesendataed

that the increasein smoke levels coincide in time with the reversion of flows. Hot
gases started to travel backwards towards the closed end of the corridor and thus

contributed tancreasan smoke volume fractiongside the enclosure.
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Figure60. Comparison of 6 tests wheredirectional probes were used showirgdocitiesin the
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clogging of holes. All data smoothed over 30 sec period.
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4.4.6. Smoke concentration inside the enclosure during
overventilated fires

It was found, however, than increasean smokevolume fractionswas also
taking place forsometests with GER<1, where no detachment of flames from the
burner was occurringAn example of such behaviour is presentedrigure 61.
Temperature data only confirmetat there was no detachment of flames yet
acontinuous rise of temperatuveas observedn the whole length of the corridor
Unfortunately, no bdirectional probes were installed during these tests, so it is not
possible to comment on flow directioriBhe most likely cause of the increase in
smoke volume fractions is related to creation of recirculation zone irbele
corridorlike enclosureas discussed by Delichatsi¢s990) Moreover one has to
keep in mindthat these tests were performed at GER equal either 0.5 or even 0.8 so
these were not fully overventilated fires as it is known that mass entrainment into
plume of open pool fire can be even 12 times the mass stoichiometric requirement of
the fuel(Heskestad, 1995 hereforecreated experimental conditions were not fully
adequate to report these fires as overventilated due to the restriction of the mass
inflow of air through the openingCongquently, it could bénypothesisd that not
enough airwas present Thatresuled in a release of somenburntfuel into to a
vitiated upper layer and conditions could developich were similar to these
reported by Pearsoet al. (2007). They studied effects of elevated fuel locations
within upper | ayer and reported <creatio
buoyancy forceso caused by dilution of g
a fArecircul atory onsbkeifoo méreasdénoambke voluree r e s p
fractions in a manner similar phenomena caused by reverseddiomg testavith
GER>1.Therefore further tests are required to investiffadse phenomeria more
details.

It may be also hypothesid thattheincrease in smoke concentration is not only
affected by reversed flows but generally by factors like Global Equivalence Ratio,
residence time, and temperatures inside. This hypothesis will be discussed in

sections to follow.
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Figure61. Upper layer temperature together with smoke volume fractions measured in two locations.
Test no 101202, W10cm x H25cm, HRR=15kW, GER= 0.8

4.4.7. Summary of factors controlling smoke
concentration inside the enclosure in the quasi steady
state (end of Stage Ill)

This section discusses factors governing smoke concentrainsnde the
experimental enclosure during quasi steady state conditions after external burning
occurred. Firstly, the dependence on the Global Equivalence Ratio is shown,
howevercorrelations with other variables are also required, because GER alone is
inadequate to describe the smoke concentration for all performed experiments.
Specifically it is found that soot concentration depend<$G&R the temperatures
and the residencentie of the flow inside the enclosure.

Dependence of smoke concentrationGiER is shownin Figure62 that presents
the evolution of smoke volume fraction for two experiments with different GERs
(1.87 and 2.67) at the same HRR. This comparison, contrary to expectations, shows
that smoke concentration inside the enclosure decreases with higher GERs. It is
noticeable that use @ERis not sufficient to describe the smoke concentrations, as
also confirmed byrigure 63 that shows the smoke volume fraction for experiment
with the same GER but different theoretical HRRs. This behaviquresentedn
Figure 62 and Figure 63 is explained by the expectation that smoke concentration
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should depend also on the temperatures and residence time inside the emslosure

indicated by data plotted igure64.
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Figure62. Comparisons of smoke volume fraction for tests with similar HRRs but different GERs.

Test 1: GER= 1.86, HRR=50kW, HRRma=26.8kW, Opening W20cm x H20crfiest 2: GER=

2.67, HRRa=50kW, HRRma=18.75kW, Opening W10cm x H25cm. All data smoothed over one
minute period
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Figure63. Comparison of smoke volume fraction for tests with similar GERs but different HRRs.

Test 1: GER= 1.86, RRyas=50kW, HRRma=26.8kW, Opening W20cm x H20cm. Test 2: GER=

1.87, HRRs=35kW, HRRma=18.75kW, Opening W10cm x H25cm. All data smoothed over one
minute period.

Figure 64 shows thatsmoke concentration depends on GER and also on the

ventilation factor AH” of the enclosure. The dependence on the ventilation factor

AHY?js explained next by noticing that the smoke volume fraction depends on the
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Global Equivalence Ratio, the temperatures and residence time inside the enclosure

as expressed by

f, =fcn(GERT,t ) (48)
where T is the gas enclosure temperature

Uksis the residence time defined by the ratio of volwhthe enclosure over the
volumetric outflow rate of the gases from the enclosatreambient conditions

namely:

tooe :v/('#a ) (49

r

a

w h e ryisthedensity of ambient aV,is the volume of the enclosure

UsingEQ.40 one obtains:

a 1 1
t .~ fcn¥, ,—
res ég AH 1/2 r#f

[ole}e)l

(50

Note that with an increasing opening factor the residence time decreases.
Examination of experimental data presented @able 13 reveals that the effect of
fuel supply rate is small compared to contribution from ventilation factot’’AH

The temperature rise is determined from heat released inside the enclosure
comparedo heatiosses to the wallas explained by Lee et al. (2007) and Tang et al.
(2012)

(T- T,)/T, =fcn(15000H"Y?/h A;) (51)

whereh, an is effective convective heat transfer coefficient to the walls ansl the total area of the
enclosure.

Note that with an increasing ventilation factor the enclosure temperature
increases.

The temperature and the GER determine the soot reaction rate whereas the

residence time together with the reaction time would determine the soot
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concentration. Because the volume and the area of the enclosurenatent in

these experiments, oneannot asess the effects of temperature (B4) and
residence time (Ed0) separatgl. These effects are manifestedrigure 64 by the
opening factor A2 implying that for larger openings soot concentrations will be
higher owing tahigher temperatures inside the enclosure. The present results cannot
be directly applied to other corridor geometries because it is not easy to scale soot
concentrations that depend on chemical kinetics (via equivalence ratio, temperature).
Instead they an be used for the validation of CFD codé&xperimental data

supporting the above discussiarepresentedn Table 13
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Figure64. Smoke volume fraction (averaged over one minute) in the quasi steady state period at the
end ofthe test as a function GER and opening factor A (top figure) and Upper layer
temperature and opening factor KHbottom figure)L e gend for opening si zes:
Hei ght 25c¢m; I W7.5cm x H30cm; O6W20cm x H20
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Table13. Data usedor Figure64.

Opening mass fy

. HRR : Residence fy Temp.
Test date S|zeH\£\(/:$;n) X (kW)t c();/asl)r GER time (s)* box A ng box é)**
18-Dec-09 W10 x H25 30 6.25 1.6 135 0.20 602
05-Jan-10 W10 x H25 35 6.25 1.9 132 0.17 0.26 542
13-Aug-10 W10 x H25 40 6.25 2.1 127 0.26 0.30 477
07-Jan-10 W10 x H25 50 6.25 2.7 127 0.36 0.40 433
25-Jun-10 W10 x H25 50 6.25 2.7 123 0.31 0.35 465
06-Aug-10 W10 x H25 50 6.25 2.7 123 0.33 440
07-Jan-10 W10 x H25 60 6.25 3.2 119 0.49 443
12-Jan-10 W7.5 x H30 30 6.16 1.6 151 0.17 603
20-Jan-10  W7.5 x H30 40 6.16 2.2 150 0.29 0.30 474
14-Jan-10 W7.5 x H30 50 6.16 2.7 152 0.31 0.41 350
14-Jan-10 W7.5x H30 50 6.16 2.7 151 0.33 390***
20-Jan-10  W7.5 x H30 60 6.16 3.2 150 0.49 0.48 417
20-Nov-09 W20xH20 35.36 8.94 13 103 0.37 688
04-Nov-09 W20 x H20 50 8.94 1.9 104 0.48 0.49 481
20-Nov-09 W20 x H20 50 8.94 1.9 103 0.57 523
24-May-10 W20 x H20 50 8.94 1.9 101 0.49 493
07-Jun-10 W20 x H20 50 8.94 1.9 102 0.48 510
05-Mar-10 W25 x H10 30 285 351 328 0.12 0.15 345
08-Mar-10 W25 x H10 40 285 4.68 328 0.24 0.26 219
11-Mar-10 W25 x H10 50 285 5.86 327 035 0.34 217

* Residence time was calculated from BEgand mass of fuel was not neglected

** Temperature in box Cone minute average of the top thermocouple (3cm below
the ceiling) recorded 900 secoafter anincrease in HRR started

*** Teston prewarmed enclosure
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4.4.8. Smoke concentrations and smoke yields measured
downstream of the enclosure (in the exhaust duct)

It was shown in the previous subsection that smoke concentdegEmdon the
Global Equivalence Ratio, residence times and teatpes. These findings were
relevant to measurements inside the corrld@ enclosure.Similarly, one can
expect that it would be similar for smoke levels downstream of the corridor. To
verify that, the author has analysed yields of smoke measureitie duct,before
external burning occurs and plotted these as a function of Global Equivalence Ratio
in Figure 65. There was no reason to examine yields downstrefithe corridor
after external burning because conditions outside were globally overventilated.

Examination of data presentedrigure65 reveals that smoke yieldiepends on
GER but due to the small number of data pointsaiinotbe verified that different
opening sizes affect smoke production. Nevertheless, the general trend observed is
in a good agreement with data published by Leorerdl. (1994) shown inFigure
66. Similarly, it was observed in the present study thatpeak of smoke yielevas
at about stochiometric conditioasid then wasollowed by adecreasen yields for

higher GERs.
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Figure65. Average smoke yields measured in the deot.tests with external burning data were
averaged before flames were visible outside.

One possible explanatidor decreasing yieldbor GER>1may be related to the
fact thata ghosting or travelling type of flame was observed in the present study (cf.
section4.3.]). Further research is required to explain that behaviour, for instance
experiments withothergasas afuel as itwas reported by Mostdt al.that gaswith

density smaller than density of gfior instance methane) was not prone to create
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ghosting flameg¢Sugawa et al., 1989; Audouin et al., 1997; Bertin et al., 2002; Most
and Saulnier, 2011)Such testsmay assist in explaining if gisting flames are
responsible fothedecreas@n y., at higher GER®r such decrease is related to other
phenomena.

Another hypothesigor decreasing smoke yields at higher GBRss given by
Leonardet al. (1994) They suggested that smaller flames at higher equivalence
ratios and thus shorter residence times were responsible for lower yields of smoke
during underventilated conditiorfBigure66). This is in line withpresentiindings
on the effect of residence time on smoke production (cf. sedtdaB). Moreover,
they speculated that change in structure of agglomerates and higher organic content
may also be resulting from smaller f 1| ame

atanearlysageo. Consequently both hypotheses

0.06 T
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Figure66. Smoke yield from ethylene flamé¢sd f | ow r at3% s pf & f/9.Biure6 m4 cm
reprintedfrom Leonard et al(1994)with permission

4.4.9. Conclusions on the smoke production

To conclude,it has been showm the present studthat the smoke volume
fraction inside thecorridorlike enclosure is governed not only by the Global
Equivalence Ratio (GER) but also tymperatur@and residence time, at least for the
fuel examined in this study.

In addition, it has been shown thaetsmoke concentration inside the enclosure

was increasing during the ventilation controlled regime even after external burning
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started. Sut an increase was verified from temperature, smoke ardiréctional

probes velocity measurements. The increase was due to reverse flow behind the
flames travelling along the corridor. Namely, the gases reversed direction behind the
flames with hot gasesavelling in the upper layer backwards toward the closed end

of the corridor in contrast to hot gas movements towards the opening in the initial
regime of an experiment. This recirculation was confirmed by velocity and oxygen
concentration measurementgiwe upper and lower layers inside the enclosure.

Finally, the present experiments show that external burning has a significant
effect on reducing themokeyields measured downstream of the compartment. The
measurements confirmed that the smoke yieldseveerfew times higher during
overall underventilated conditions before an external burning occurs when compared

to overall overventilated conditions after external burning starts.



4.5. Carbon monoxide inside and outside of the
enclosure

Having analysed smokproduction,attention can be devoted now to data on
carbon monoxideln the following sectionsfactors controlling carbon monoxide
productionareanalysed in a mannsimilar to the explanation of smoke production
inside this experimental rig as discussedSection4.4.7. As explained therethe
smoke volume fraction inside the enclosure depends on the Global Equivalence
Ratio, the temperatures and residence tinmde the enclosure. As smoke and
carbon monoxide are products of incomplete combustion it is important to examine
if carbon monoxide production is also depamtdof the same parameterdhe
examination is doneseparately for carbon monoxide inside theclesure and

downstreanof it, in the exhaust duct.

45.1. Comparison of carbon monoxide concentrations
measured inside the corridor and downstream, in the
exhaust duct.
Comparison ofcarbon monoxideoncentratios inside versughoseoutsideof

the enclosureis presented inFigure 67. A red curve presents concentrations
downstream of the corridor (in the exhaust duct) whereas a blue curve presents
concentratins inside the enclosure (upper layer of box A¥). additional, black
curve inFigure67 presents the measured Heat Release Rate and a grey shaded area
indicates the underventilated conditions (cf. secddhl which becomeglobally
overventilated otside the enclosumehenflames are visible outside. Yellow shaded
area indicates when flames were visible outdidis. important to notethat there is
difference in concentratiomutside and inside the enclosubg two orders of
magnitude. That diffencewas caused by dilution afombustion productwith the
ambient air being entrained into the exhaust duat.instance, the first experiment
shown inFigure 67 will be examined to check the dilution ratio. Concentration of
CO during underventilated conditions was 120 times higher inside the enclosure
than in the exhaust duche exhaust flow rate wabout 1.55 kg/s, and assuming the
outflow from the enclosurdeing a sum of the fuel supply rate and air inflow rate
into the enclosur€Eq. 40) one can obtain dilution ratio of abol®3 which is in a

good agreement wittlifference in concentrations being equal to 120.
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Examination ofFigure 67 revealsthat the oncentrationof carbonmonoxide
outside decreasesignificantly as soon as external burning stasthereasthe
concentration inside tends to rigethat pointOne can observe that external burning
plays asignificant roleon thereduction ofCO concentratiordownstreamas also
supported by previous resu(iSottuk et al., 1992Ritts, 1995Gottuk and Lattimer,
2002; Ukleja et al., 2009) External burningallows additional reactions thus
significantly reducing the amount of carbon monoxide and smo&atside the
enclosure as shown irigure 67. An additional olservation emerging frorigure
67 is related to a small decreaseCO at the end of underventilated period. This
decrease is observed both inside and outside and is related to conversion of CO to
CQO;, as explained in sectioh2.2(cf. Figure55).

In addition, it isalso important to compare carbon monoxide yelde. mass of
carbon monoxide generated per mass of fugiply rate) inside andutside the
enclosureA methodology proposed by Leonagtial.(1994)is followed in order to
obtain yields inside the corridoAs a first approximatiothis yield can be derived
from the mass inflow of air through the opening (cf. Secliéh3 and from the fuel
supply rate. Total mass flow in the upper layer was convéotadolumetric flow
by the ideal gas law Ambient temperature and pressureene used because
measurement of CO concentratiand fuel supplywas performedalso at ambient
conditions(cf. section3.3.4). This correctionis in agreement witthe methodology
described by Leonardt al. (1994) Examination ofFigure 67 reveals thatyields
inside and outside follow similar trend before the external burning and are of the
same order of magnitud8uch agreement confirms the validity of the methodology
for calkculations of yields inside as theaee no additional reactions before external
burnings so yields inside and outside should be similar.

In conclusiondata presented in Riges67 and68 confirm that external burning
reduces the amount of carbon monoxide measured downstream of the corridor,
reported either as concentration or yield.

The next section presentsdetailed discussion on factors controlling carbon
monoxide levels inside the enclosure followed by separate sections on CO

downstream of the corridor.
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4.5.2. Factors controlling carbon monoxide yields
measured inside the corridor like enclosure

This section analyses carbon monoxide levels inside the correjoorted as
yields and not concentrationsecause it waserified in the previous section that
concentrations measured inside can baccessfully converted to yields
Consequently, arbon monoxideyields measurednside the enclosurevill be
discussed

Examination of factors affectingarbon monoxidegieldsinsidethe corridorwas
performed for data in the upper layer of boxatOwvhich point steady values of CO
were measured as shown FHigure 69. This figure shows carbonmonoxide
concentrations inside the corridor in three different locatittrzain be seen th&O
in the upper layein box C(red curve) rises significantly and reaclaesteady value
after flames are visible outside (end of grey shaded iar&igure 69). Therefore
only measurements are compaiffedm sampling in theupper layerin box C as

presented ifrigure70.
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Figure69. Carbon monoxide concentrations in three locations inside the corridor
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Figure 70 presentsdata on carbon monoxidgelds inside the corridor (in the

upper layer of box C) as a function of Global EquivaleRaio. Figure 70a

presents yields measured beferternal burningvhereag=igure70b presents yields

obtainedafter external burningData inthe Figure 70b is based on the assumption

that conditiongnside were still underventilated after external burning.
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Figure70. Carbon monoxide yields inside the corridor as a function of Global Equivalence Ratio
Left figure 1 yields before external burning, riglgurei yields after external burninfpata points
for last opening were corrected for reduced mass inflow dthisection4.2.3)

The purpose offFigure 70 is to verify whetherfactors other than GER control

carbon monoxid production. It was postulatdnly the authorthat residence time

may be such a factor as it is the casesfmoke production (cf. Sectioh4.7). One

can ecall that the residence time is defined as the ratio of volume of the enclosure

over the volumetric outflow rate tfie gases from the enclosure, namely

r

a

w h e r,ie the density of the ambient air.

UsingEq. 40 one obtains:

1 1

a
Lres ™ TN A7
Q f

OO

(52

(53
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Consequently if the residence time is affecting carbon monoxide, separate
regimes for different openings should be visible Figure 70. Examination of
presented data confirms that datanps from different openings do not collapse to a
single curve, whichindicates someontribution of residence timélowever there is
not enough data to clearly distinguibketween different openingss it was done
before for smoke(cf. Section4.4.7). One has to also keep in mind limitations of
carbon monoxide mearements inside the corridperformed in this study; namely
in some casemeasured concentrations ngeoutsideof the calibrated range athe
analyser and no water cooling was used to freeze any conversion of THC to CO (cf.
section3.3.9).

A separate verificationvas performed to assesffects of temperatur@n carbon
monoxide yieldg(Figure 71). Yields were plotted against upper layer temperature
measurd in the same location dee measuremendf CO. Moreover, temperature
data were averagemler the same time period\s a resultno relationship has been
found.

In conclusioncarbon monoxide yields depend primarily on Global Equivalence

Ratio with someadditional effects caused by residence time of hot gases inside the

enclosure.
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Figure71. Carbon monoxide yields inside the corridor versus upper layer temperature inside.(box C)
Data averaged over 300 second during quasi steady state conditions after externalDataing.
points for last opening were corrected for reduced mass inflow (dffagection4.2.3)



4.5.3. Carbon monoxide levels downstream of the

corridor,

in the exhaust duct.

127

It was shown in the previous subsection that carbon monoxides ynside the

corridor are correlated primarily with the Global Equivalence Ratioand also

affected to some extend ltige residence timeat least forthe range of conditions

examinedin this study.Similarly, one can expect that would besimilar for CO

levels downstream of the corridor. To verify that, yields of CO measured before

external lirningwere analged Therewas no reason to examine yields downstream

of the corridor after external burning because conditions outside were globally

overventilated.

Figure 72 presents yields of carbon monoxide as a function of Global

Equivalence Ratio both from insidéof figure and outside, downstream of the

corridor pottom figurg.
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inside the corridoftop figure) andin the exhaust du¢bottom figurg. Data points fothelast

opening were corrected for reduced mass inflow of air as explained in sé&ian
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It can be seen that carbon monoxyileld correlates witlthe Global Equivalence
Ratio. Similar trends are visible inside and outside, however separation between
differentopenings is somehow better distinguishable for measurements downstream,
in theexhaust duct. It is probabtjue to higher accuracy of reported yields there, as
yields inside were calculated witlmany simplifications (cf. section 4.5.7).
Nevertheless, data presented do not collapse to a single curve for all openings and
separataegimes are clearly distinguishable for different openings thus confirming
that residencéme is affecting carbon monoxide yields.

Effect ofthe opening width on carbon monoxigeoductionwas earlier reported
by Wieczorek(2003; 2004a; 2004b(cf. section2.3.2.2.9, however hedid not
consider it as the effect of residence time, moreover his experimental methodology
was criticeed for sampling inside the flaming zone for some té@stsell, 2007)
Nevertheles# was decided to usé@/i e ¢ z aoneektd gresenting the amount of
carbon monoxide normaéd by the amount of fuel burnt onlyside the enclosure

This concept will be discuss@dthe next sectian

45.4. The amount of carbon monoxide downstream
normalised by fuel burnt only inside the enclosure
Wieczorek reported yields of carbon monoxide as mass of CO per mass of fuel
burnt only withn his enclosure, the same approach is presentégdldarut hor 6 s d a'l
in Figure73. Presented data points were obtained as follows: average production of
CO (g/s) was normaied by the fuel buiing rateinside (g/s). This rate of mass burnt
inside was derived from measured HRR during underventilated conditions (plateau
period inFigure 37) divided by heat of combustion of propane (43.7 J/g). Note that

CO production was also measured before the external burning.
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Y25 0.01)collapse to one curve

It can be seen that data for three openii#ds
anddata fortwo other openings (AHf < 0.01) to another curve. Existence of two
separate regimesonfirms againthe effect of the residence tin{eclatedto the
ventilation factor, AH?, cf. Eq.53) Further research is required to evaluate these

findings in more detail.

45.5. Comparison with other literature data on carbon
monoxide yields downstream of a compartment

Another importanfeature ofthe present resulis related to decreasing yields of
carbon monoxide for higher Equivalence Ratios. Thigispposition to findings
from earlier research reported the literature review(cf. section2.3.2.3. For
instance Figure 74 shows thepresent dataomparedwith the correlations proposed
by Gottuket al.(1995; 2002; 2008)The major difference is that yields reported
this studyshow almost linear decrease for GER>1 contrary to constant trends
proposed by Gottukt al.One possible explanation may be related to the fact that for
GER>1 a ghosting or travelling type of flame was observed in the present study (cf.
section4.3.1). This was not the case for data used by Gottutheaecreasen yc,
reported here masesult fom the travelling flames(similar to ghosting flamesind

be fuel specificFurther research is required égplain that behaviour, for instance
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experiments with mthane as a fuel may assist in explaining if ghosting flames are
responsible for decrease y., at higher GERs. Methane is suggestedaafel
becauseat was reported that methane being lighter than air (contrary to propane) is
not proneto create ghostip flames(Sugawa et al., 1989; Audouin et al., 1997,
Bertin et al., 2002; Most and Saulnier, 2011)

Another hypothesis was given by Leonatdal. (1994). It was related to smoke
behaviour at higher GERs but qualitatively similar to k&haviourobserved in the
present study. Leonaret al. suggested that smaller flames at higher equivalence
ratios and thus shi@r residence times were responsible for lower yields of smoke
during underventilated conditions. Moreover, they speculated that change in
structure of agglomerates and higher organic content may also be resulting from
smal l er fl ames ahd t hhPus mbgeemgaohhiwmtdgh ot

Consequently both hypotheses require further investigation.
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Figure74. Presenexperimental data on yields of carbon monoxideinstream of the compartment
together with Gt u letbakcorrelations(1995; 2002; 2008)

45.6. Carbon monoxide versus smoke yields
downstream of a compartment
The second working hypothesisef this study (cf. sectior2.5 stated that
production of carbon monoxide and smoke in underventilated fires may be
interdependentEarlier publications showethat there is a constant ratietween
carbon monoxidand smokeyields for overventilated fires (cf. sectidh4) therefore

it wasexamined if that relationship is still valglringunderventilatedonditions
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Ratio ofy.J/ys is plotted inFigure75 as a function of Global Equivalence Ratio
It is clearly seen that this ratio is no longer constnd rapidly increases (with one
outlier) for higher GERsreaching value of aboutl® for GER=3.The amount of
data points is not high enough to propose any correlabarever the reported trend
is in agreement for instance with data published by &at. (2008) They studied
three different fuels for GER range from 0.009 to 0.547 and reported CO/soot ratio
staring from 0.1 and rising to @n the other hand

Consequentlya constantatio of CO/soot for higher GER¥ not exisanymore
but rises as underventilated conditions devetdgeast for the conditions examined
in this study This is in opposition to results shown by Ko et al. (2009) (cf. section
2.4), however Ko et al. examined different fuels, moreover some of their data were
very scattered. Consequently, further examination is required to verify the effect of

fuel on the yyys ratio during underventilated conditions.
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Figure75. Ratio of carbon monoxide yield to smoke yield as a function of Global Equivalence Ratio
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45.7. Conclusions on the carbon monoxide production

To conclude it has been demonstrated that carbon monoxide yields depend
primarily onthe Global Equivalence Ratio with some additional effects caused by
theresidence time of hot gases inside the enclosure. It was shown that there are two
separate regimes related tioe residence time (being inversely proportional to
ventilation factor AH?) with data collapsing to one curve for AH> 0.01 and
second curve for AH< 0.01.

The present results show that the relationship reported in the litefag¢tmeen
smoke ad carbon monoxide production during overventilated conditions
YedYsA € 0 n s t asection 2(4¢ fs.no longer valid during amnderventilated
enclosure fire, at least for conditions examined in this studigwever, no
relationship has been found for underventilated conditions. The present results show
that the ratioy.dYs, is not constant but increases for Global Equivalendoofaf
theenclosure greater than one.

In addition, he present experiments show that external burning has a significant
effect on reducing the species yields measured downstream of the compartment. The
measurements confirmed that the CO yields were difees higher during overall
underventilated conditions before an external burning occurs when compared to
overall overventilated conditions after external burning starts. The maximum value
of the carbon monoxide yield outside the enclosure occurs justebiémes appear
outside as it is also true for smoke

Moreover it was hypothesized thahe disagreement between present data and
literature dataon decreasing yields of CO for higher GERs may be relate
ghosting or wandering type of flames encousdemn the present studyurther

research with different fuel is required to investigate that claim.



CHAPTER FIVE

Conclusionsand recommendations

This workis anexperimentaland theoretical analysis of factors and conditions
affecting smoke andarbon monoxide (COproduction in corridctike enclosure
fires. The main conclusion of this work tisat smoke production depends not only
on theGlobal Equivalence Rati¢GER)- as is reported in the literaturebut also on
the temperatures and residence timedmshe enclosureat least for the fuel
examined in this studyn addition, itwas shownthat carbon monade dependslso
on the Global Equivalence Ratio and the residamoe, at least for experimental
conditions studied.

Additionally, the results can be used for CHDodel validations, especially on
the visibility and toxicity inside the enclosure thanks to smole&d CO
measurements insidd.he aithor develogd a novel design of smoke meter for
measurements inside the enclosure \aitthetailed methodology reduce problems
with smoke depsition on lenses. Furthermoradditional sensorsvere employed
inside the enclosure namelyi-directional probes, gas sampling probasd
thermocoupleproviding a large data sethich is very beneficial for future studies
on CFD validatiorand fire safety design

An extensive and comprehensive set of thirty eight experiments was undertaken
The following sections summase the main contributiors of this studyand

recommendations for future work.

5.1. Conclusions

The major conclusions are:

1. This work shows thatin an underventilated fire inside a corridike
enclosurethe smoke volume fraction inside is governed not only by the &lob

Equivalence Ratio but also by the temperaturesthadesidence time inside the
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enclosure (cf. sectioA.4.7). The GER depends on the opening factor andftled
burning rateTemperatures inside the enclosure depmnthe HRR, the total area of

the enclosure and the opening factor. Finally, the residence time depends on the
volume of the enclosure and the inflow of air (related to the opening factor) (cf.
Figure64).

2. The present resultshow that the relationshipeported in the literature
between smoke and carbon monoxide production during overventilated conditions
YVedYs @ ¢ o n &ft seation?2.4), is no longer valid duringan underventilated
enclosure fire However,no similar relationshiphas been fountbr underventilated
conditions The present results show thiaé ratioy.J/Ys, is not constanbutincreass
whenthe Global Equivalence Ratiof the enclosures greater thamne(Figure75).

3. Visual observations through the opening revealed that flames were detaching
from the burnerand moving towards the opening for experimenith GER > 1
(Figure 39). After some timethe flames wereanchorednearthe opening. This
situation wasalsoconfirmed by measurements of temperature, gases and velocity by
bi-directional probes located insidehe enclosure (Figures 42-44). The
measurementslso revealed that detachment tbe flames from the burner was
related toa sharp drop in the oxygen concentration in the vicinity of the burner
(Figures46-47). Moreoverthe time ofdetachment was correlated wite Global
Equivalence Ratio (cf. sectiods3.1and4.3.2.

In addition, the velocitiesof thetravelling flames were measured and correlated
with GER (Figure45). Remarkablythe obtained velocity range is of the same order
of magnitude as the velocities of ghosting flames reported by Au@bdw@h(1997)
and Bertinet al. (2002).

4. The presenexperiments show that there are three regimes for the fire
development in the corriddike enclosure as is the case for other enclosures: a) an
initial fuel controlled regime, b) an intermediate plateau ventilation controlled
regime (cf.Figure37), and c) an external burning regime after the flames move and
anchor near the open end (cf. sectiagh ])
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5. The snoke concentration inside the enclosure was increasing dthang
ventilation controlled regime even after external burning staBedhan increase
was verified from temperature, smoke amdbcity measurement$he increase was
due tothereverse flow behind the flara¢ravelling along the corridoNamely,the
gasesreversed direction behind the flames with hot gases travelling in the upper
layer backwards toward the closed end of the corridocontrast to hotgas
movements towards the opening in the initial regime of an experiniéns.
recirculation was confirmed by velocity and oxygen concentration measurements in

the upper and lower layers inside the enclosureu(Egp9-60).

6. The present experimentonfirm that external burning haa significant
effect on reducing the specigiglds measured downstream of t@mpartmentThe
measurementsevealedthat the CO and smoke yields weaefew times higher
during overall underventilated conditions befoem external burningoccurswhen
compaed to overall overventilated conditions after external bumistarts The
maximum value of the carbon monoxide yialdtside the enclosure occujsst

before flames appear outsidg it is also true for smoKEigure52, Figure67).

7. This studyconfirms thatin corridorlike enclosure fires chpbn monoxides
strongly correlated with GERith anadditional effect of residence tim&he major
difference betweethe authod slata and earlier research was that for higher GER
there wasadrop in CO yields whereas data in the literafuresentsteady levels of

CO for a similar rang®f GERs

5.2. Recommendations

1. The present results are specifically applicable for assessing smoke hazards in
corridor fires in buildings where smoke concentrations owing to leakage to adjacent
rooms behindravelling flames can be muchdrger than anticipated. They are also
achallenging testing ground for CFD validatiofsirtherwork is neededo validaie

popular CFD codelBy comparison witlthe presentedesults.

2. This study employed only one fuelamelypropanesuppliedfrom asandbox

burner In order to further wify presentedindings, a future work should focus on
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othergaseous fuels, like methane and propylene, and separatktyuiohand solid

pool fires.

3. The aithor found, thatthe increasen smoke concentrationsas also taking
place for somexperimentsvith GER<1, where no detachment of flames from the
burner was occurring. Unfortunately, nediectional probes were installed during
theseexperimentsso it is not possible to determine if reversion of flows &g
place.The most likely cause of the increase in smoke volume fractions is related to
creation ofa recirculation zonaside as discussed by Delichats{h890) Therefore

furtherexperimentsare requiredo investigatehese phenomena more details
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APPENDIX 1. TYPICAL VALUES OF THE MASS-
SPECIFIC EXTINCTION COEFFICIENT
REPORTED IN THE LITERATURE

Tablel4. Valuesofisat wavel ength 2=632.8 nm as report
Publication Results Description
Equivalence o 2
atio Us (m/g) _ fuel - ethane only o
(Widmann et al. L [812:03 | O ot tken into accour
2005) 2 7.1+0.2
3 6.4+0.2

Wavel enght 3

Equivalence

o 2
ratio Us (m*/g)
0.8 1.56 + 0.09
1 1.64 +0.09 .
2 1.24 + 0.05 Measured only for infraed
3 0.8 +0.09

AThe soot aer o0s(
laminardiffusion burner, diluted
with nitrogen, and carried by the
combustion gases and N2 to the

Wavel enght 3. §

Equivalence

(Widrmann etal., ratio s (m/g) optical cel
200%) 0.8 1.32 + 0.09 3 . |
AThe extinction
1 1.37 £ 0.09 _ _
2 1.02  0.05 obtained by comparing the
3 0263 ; 0:09 transmission of radiation through tt

Wavel enght 4

Equrlg/;icl)ence i (mz 19)
0.8 1.06 £ 0.09
1 1.09 £ 0.09
2 0.8 £0.05
3 0.5+0.09

optical cell with and without soot
aerosopr esent .

From literature review. In the
original paper, a dimensionless
coefficient is given 8.8 £ 0.9. It is

(Widmann, 2003 us (m2/9) =
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converted here
assumption that soot detsis 1.85
g/cma3.

(Tewarson, 2002

ds (m?/g) = 10.06

To be used in Cone Calorimeter i
order to derive smoke yield from
SEA.

(Mulholland and
Croarkin, 2000)

0s = 8.7 + 1.1m%g

Overventilated conditions

From literature review of 29
experimental results for different
fuels.

(Krishnan et al.,
2000)

0s = 7.1 + 1.3m%g

In the original paper,
adimensionless coefficient is give
8.4 N 1.5. 1t i

based on the assumption that so¢
density is 1.88 g/cm3 as used in tf
original paper.

(Mulholland and

ds (M°/g)
acetylener.80 £ 0.08
ethene 8.79 +0.28

Fuel: acetylene and ethene
Only overventilated conditions
Turbulent diffusion flame

Choi, 1998) o, 2 o high temperature effect within an
us(m/ g) a 7.0 . :
. enclosure is not taken into accour
ratio =3.
Equivalence  Us
ratio (m?g)
2.3 7.6
(Choi et al 2.5 8.7 6cm diameter McKenna Burner
1995) " 2.3 7.6 Postflame soot diluted by nitrogen
2.5 8.0 Temperature 500K
25 7.9
2.5 7.9
25 7.4
2.5 (average) 7.92+0.18
2.7 8.6
(Dobbins et al., o 2, _ Fueli crude oill
1994) Us (M7g) =7.8+1.2 Results for aging smoke collected
at 630 nm

1m° chamber

Colbeck I. et al

1989 cited by

(Dobbins et al
1994)

s (m?/g) = 10612 at 632 nm

Fueli from butane flame

(Newman and
Steciak, 1987)

s (m7g) =10.2 +0.2
average for all fuels

heptane, kerosene, Douglas fir,
PMMA, PVC, PC, PSstyrene
butadiene rubber




APPENDIX 2. LIST OF PERFORMED TESTS

Test Test Opening size HRR Ventilation
number date WxH from gas controlled HRR GER
supply (kW) (kw)
1 23-Oct-09 20cm x 20 cm 15.0 26.8 0.6
2 04-Nov-09 20cm x 20 cm 50.0 26.8 1.9
3 20-Nov-09 20cm x 20 cm 35.4 26.8 1.3
4 20-Nov-09 20cm x 20 cm 50.0 26.8 1.9
5 24-Nov-09 20cm x 20 cm 15.0 26.8 0.6
6 26-Nov-09 10cm x 25cm 15.0 18.8 0.8
7 27-Nov-09 10cm x 25cm 10.0 18.8 0.5
8 27-Nov-09 10cm x 25cm 30.0 18.8 1.6
9 10-Dec-09 10cm x 25cm 15.0 18.8 0.8
10 10-Dec-09 10cm x 25cm 15.0 18.8 0.8
11 18-Dec-09 10cm x 25cm 50.0 18.8 2.7
12 18-Dec-09 10cm x 25cm 30.0 18.8 1.6
13 23-Dec-09 10cm x 25cm 25.0 18.8 1.3
14 04-Jan-10 10cm x 25cm 28.0 18.8 15
15 05-Jan-10 10cm x 25cm 35.0 18.8 1.9
16 07-Jan-10 10cm x 25cm 50.0 18.8 2.7
17 07-Jan-10 10cm x 25cm 60.0 18.8 3.2
18 11-Jan-10 7.5cm x 20cm 15.0 10.1 15
19 12-Jan-10 7.5cm x 30cm 24.4 18.5 1.3
20 12-Jan-10 7.5cm x 30cm 30.0 18.5 1.6
21 14-Jan-10 7.5cm x 30cm 50.0 18.5 2.7
22 14-Jan-10 7.5cm x 30cm 50.0 18.5 2.7
23 20-Jan-10 7.5cm x 30cm 40.0 18.5 2.2
24 20-Jan-10 7.5cm x 30cm 60.0 18.5 3.2
25 11-Feb-10 25cm x 10cm 15.0 11.9 1.3
26 03-Mar-10 25cm x 10cm 10.0 11.9 0.8
27 05-Mar-10 25cm x 10cm 30.0 11.9 2.5
28 08-Mar-10 25cm x 10cm 40.0 11.9 3.4
29 11-Mar-10 25cm x 10cm 50.0 11.9 4.2
30 12-Mar-10 25cm x 10cm 20.0 11.9 1.7
31 30-Apr-10 20cm x 20cm 50.0 26.8 1.9
32 10-May-10 20cm x 20cm 50.0 26.8 1.9
33 24-May-10 20cm x 20cm 50.0 26.8 1.9
34 07-Jun-10 20cm x 20cm 50.0 26.8 1.9
35 25-Jun-10 10cm x 25cm 50.0 18.8 2.7
36 06-Aug-10 10cm x 25cm 50.0 18.8 2.7
37 09-Aug-10 10cm x 25¢cm 30.0 18.8 1.6
38 13-Aug-10 10cm x 25cm 40.0 18.8 2.1
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APPENDIX 3. AU T H O RPREEBR-REVIEWED
PUBLICATIONS RELATED TO THIS PHD
THESIS

The following papers have been published during couraewtf hreseadcls:

Peer reviewed journals:

Beji, T., Ukleja, S., Zhang, J. and Delichatsios, M. A. (2012), Fire behaviour and
external flames in corridor and tunfilde enclosuresAccepted for pblication in
Fire Materials, doi10.1002/fam.1124

Peer reviewed conferences:

Ukleja, S, Delichatsios, M.A., Delichatsios, M.M. & Lee, Y.P. 2009, "Carbon
monoxide and smoke production downstream of a compartment for underventilated
fires", Fire Safey Science. ProceedingstbiNinth International Symposiuithe
International Association of Fire Safety Science, pp-83Q@

Beji, T., Ukleja, S., Zhang, J. & Delichatsios, M.A. 2010, "Observations On Flame
Behaviour In Corridor And Tunnel Lik&nclosure Fires", Proceedings of the sixth
International Seminar on Fire and Explosion Hazards University of Leeds, United
Kingdom, pp. 21229.

Ukleja S., Delichatsios M., Zhang, JP., Smoke Concentrations Inside and Outside of
CorridorLike Enclosure Feies, Conference Proceedings of the Seventh
MediterraneatCombustion Symposium, Sardinia, Italy-1% September, 2011

Reports:
Author was responsible for supervision of research work of an exchange student M.

Bacquet. Author constructed the experimentaktup for liquid pool fires with
constant level of fuel and implemented itanu t hexpedrental rig, moreover
assisted during the experiments of M. Bacquest. His work was susacharithe

following report:

M. Bacquet, Pool fire dynamic in a tundéde enclosure, 2010, report prepared for
University of Ulster and Sair€@yr Coétquidan Schools.
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APPENDIX 4. PRESENT EXPERIMENTAL DATA

TeSt N0 1 (231009) ...coiiiieeiiiiiiiiee e eneee s 142
TESt N0 2 (041109) ..eeeieeeiiiiieiee e eee e e ee e 144
TeSt N0 3 (201109) ...oiiieeeiiiiiiee et ene e 146
TSt N0 4 (201102) ..eeeeeeeiiiiiieiee e reei e ee e 148
TeStNO 5 (241109) ..ot 150
TSt N0 6 (261109) ..eeeeieeiiiiiiiiee et reei e ee e 152
TeStNO 7 (271109) .ot eneee s 154
TESE N0 8 (271L0D) ..eeeeeeeiiiiieiee e e e ee e 156
TeSt N0 9 (L101209) ...coiieeeiiiiiiiie et eneee s 158
TeSt N0 10 (101209) .....uvveeeeeeiiiiiiiee e e emee e e 160
TESt N0 11 (18L120Q) ..evvvvveeiiiiiiiiiiiiiee e 162
TeSt N0 12 (181209) .....uveeieeeiiiiiiiieeee e emee e 164
TESt N0 13 (23120Q) ..evvvvveeeiiiiiiiiiieie e 166
TesSt N0 14 (0401EMD) ....uvviieeeeeeiiiieee e emee e e 168
TeSt N0 15 (05012A) ....uuviiiiiiiiiiiiiieie e 170
TesSt N0 16 (0701EMD) ....evveeeeeeeeiiiieee e ecmee e e 172
TeSt N0 17 (07012A) ....vvviiiiiiiiiiiiiiiee e 174
TesSt N0 18 (L101EM) ...uuveeeeieeeeiiiiiee e emmee e 176
TESt N0 19 (1201HA) ...evvvviiiiiiiiiiiiieee e 178
Test N0 20 (1201FQ) .....eveeieeeeiiiiiiee e emee e 180
TeSt N0 21 (L40L1ED) ...evvviiieiiiiiiieiie e 182
Test N0 22 (14012Q) .....ceeiiieeiiiiieeee e 184
TeSt N0 23 (2001HA) ....vvvvieiiiiiiiiiiieeee e 186
Test N0 24 (20012Q) ......vveeieeiiiiiiiieeee e 187
TeSt N0 25 (LL02M) ...evvveieeiiiieiiiiieeee e 189
TeSt N0 26 (0303EMD) .....vvvveeeeeiiiiiieeee e emee et 191
TeSt N0 27 (0503FA) ....vvvveeeiiiiiiiiiieeee e 193
TesSt N0 28 (0803EM) .....evveeeeeeiiiiiiee e e e emmme e 195
TeSt N0 29 (L103ED) ...evvveieeiieiiiiiieeee e 197
TeSt N0 30 (1203EMD) ....evveeeieeeeiiiiieeee e emmee e 199
TeSt N0 31 (B004ZM) .....vvveeeiiiieiiiiieiee e 201
TesSt N0 32 (L005EM) .....uvveeeeeiiiiiiiie e emee e 203
TeSt N0 33 (2405D) ....evvveieiiiiiiiiiieee e 205
TesSt N0 34 (0706EMD) .....cvveeeeeeiiiiiiieeee e emee e 207
TeSt N0 35 (2506M) ....evvvveeiiiieiiiiieiee e 209
Test N0 36 (0608EM) .......eveeeeiiiiiiieieee e ecee e 211
TeSt N0 37 (0908LD) .....evveveiiiiiiiiiiiiee e 213
TeSt N0 38 (L308EM) .....uveeeeeeeiiiiiieee e ecmee e 215

Explanatory notes

Yields of specie are plotted only till fuel supply was about to be terminated.
Afterwards yields were rising considerably due to minimal fuel supply and delay in
decreas@én concentrations in the duct.
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Testno 1 (231004)

Test date 23 October 2009
Theoretical HRR A5kW

Opening size = 20cm x 20cm
Ventilation controlled HRR = 26.8kW
GER =0.6

Recorded observations:

1 min 05 seci ignition

15 min 30 se& gas turned off

18 min 05 seé flame self extinguished

Flames were anchored to the burner for the whole test
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Testno 2 (041104)

Test date 4 November 2009
Theoretical HRR = 50kW

Opening size = 20cm x 20cm
Ventilation controlled HRR = 26.8kW
GER=19

Recorded observations:

2 min T ignition

10 min 51 set first flame tip observed outside
25 min00 sed gas turned off

28 min 00 set flame self extinguished

g 60 = Underventilated

conditions
~ 1 Theoretica] HRR
e 04 2 R r
2 ; ',.\M T ' WJ' WA U" '\'
5 40 - I",J/“"’ Measured HRR ‘.
o 30 - | it'\
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Test no 3 (201104)

Test date 20 November 2009
Theoretical HRR = 35.4kW
Opening size = 20cm x 20cm
Ventilation controlled HRR= 26.8kW
GER=1.3

Recorded observations:

45sec’ ignition

1 minT automatic control of the burner started

27 min 15 set first flame tip visible outside but flames stay inside
29 min 55 set gas turned off

31 min 57 set flame self extinguished

Underventlated
conditions
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Test no 4 (201102)

Test date 20 November 2009
Theoretical HRR = 50kW

Opening size = 20cm x 20cm
Ventilation controlled HRR = 26.8kW
GER=19

Recorded observations:

<10secT ignition

3 min 20 seé logging of gases in sony laptop really stdrbecause before there
was no line closed up

4 min 301 automatic control of burner startédsurge in gas supply)

10 min 23 set first flame tip visible outside

20 min 00 set gas turned off

22 min 44 set flame self extinguished

I Underventilated
B 60— cnndmonssl Tl t' IHRR
v 1 1eoretica
= 507 Lo i

g 0 e
é‘ d 4 Measured HRRQl

o 30 HRR_ =1500AH("

7 v !

m : -""""" ‘HV"|I‘|"" \ 'V
L 20- ¢ \
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£ 10, .| ~\
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0.00 vk v e e ey
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Temperature (°C)
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S & 0.50
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=B :
£ 0.25 ,

o v 2
> o : 2
2 S

o L

q 2

v 2 0 600

1200 1800
Time (sec)

9

Hix)

300

A
L A
0
No data avaitable
‘ from 4th temperature sensor
0 |-+ |
o0
300 ,/ —
-~ Nodataavailahle -
|/ from bottom temperature sensor
0 M | BTSN N A A Y 1 P i i
600 1200 1800
Time (sec)
Legend for baxes A-F

600
Top temperature {3cm below celling)
5" temperature (38 em abave floor)
4" temperature (29 em abaye floor)

3" temperature (20 em above floor) 300 = ;
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——— Bottom temperature (2 ¢m above floor)

box A bocB
box C —— boxD
box E——box F
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300

600 1200
Time (sec)

0
1800
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Test no 5(2411091)

Test date 24 November 2009
Theoretical HRR = 15kW

Opening size = 20cm x 20cm
Ventilation controlled HRR = 26.8kW
GER =0.6

Recorded observations:

31seci ignition

<4 min 20 se¢ problems with gas logging in box F
14 min 58 set gas turneaff

17 min 26 seé¢ i flame self extinguished

B W O
o R B -
T |Z2eepatiy

HRR__=1500AH"
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to
S

10 A RGeS A\
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w0024 [

L f \l

o ;1 || \ ".I

oé- ' X
\ L o T —

“ .00 wywﬂ\(:)\/,x\a{ TR
0 600 1200 1800
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Temperature (°C) Temperature (°C)

Temperature (°C)
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e o S - T e 000
Box A | Box B
600 | 1 -| 600
300 4 300
0 0
600 + 4 600
- - 300
No data available
from 41h temperature sensor
. R e e AL
Box F
600 |-
No data available
from bottom temperature sensor

600 1200
Time (sec) [

Legend for boxes A-F

~—Top temperature (3cm below ceiling) Ll ¢ 1%
— 5" temperature (38 cm above floor)
4" temperature (29 ¢cm above floor) -——{(\ . i
3" temperature (20 cm above floor) 590 “boxANbocB |4y,
——— 2™ temperature (11 cm above floor) box C ——box D
—— Bottom temperature (2 ¢m above floor) “box E——box F
Top temperatures in all box
D A 1 i A 1 Ad " 0
600 1200 1800

Time (sec)



Test no 6 (261104)

Test date 26 November 2009
Theoretical HRR = 15kW

Opening size = W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER =0.8

Recorded observations:

22sec’ ignition

15 min i gas turned off

17 min 40 seé flame self extinguished

< 60-
= ]
<4, 50-
L
= 40
E i Tllheoretical HRR
4 ] ~1500/ 12
8 20 l§ HRR__ =1500AH
(] 1 1= 2 e A oA s A S
d 104 Measured HRR Y
g 1/ N
S | ) S—— A S
= 0 600 1200
Time (sec)
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(&) | \ ,,"/ RN ok = ’/
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0 00 1"-"1—" e s g e )
0 600 1200
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Temperature (°C) Temperature (°C)

Temperature (°C)
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E 3
v & ;
ES
= 2 0.2 A~
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S8 00—
G20 600 1200
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600 - 1 4 600
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- 600
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from 4th temperature sensor
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600 1200 1800
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Testno 7 (271104)

Test date 27 November 2009
Theoretical HRR = 10kW

Opening size = W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER=0.5

Recorded observations:
42seci ignition

<Imin36secpump for wupper | ayer gas
<2min20se¢ s ma | | extractions fans f
15 min i gas turned off
18 min 10 seé¢ flame self extinguished
g 60 -
<< 50
2
o 40-
(24
o 30
& ' HRR__ =1500AH"
2 20 4 VITIiAX =. 5
£ 0l .. Theoretical HRR
§ 5 \:"J,/'“ﬂ-' J Vh.asurgd HRR p%\:_\
= 0 600 1200
Time (sec)
A
=1 1]
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S
= Yeos! 100 ,
. vt /
> e w4
.ﬁ 0.02 4 ),\'/ of adt
m I‘;"'l I..'.-\'I /I yCU / ] 0
0.00 +—r—rmr—————————————r—
0 600 1200

Time (sec)

0

a
r

154

nal yser
| aser s



Temperature (°C) Temperature (°C)

Temperature (°C)
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L/ from bottom temperature sensor N
0 e ! Dh,,,...r.; ,,,,,,,,, bt + 0
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Legend for boxes A-F box E ——box F
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3" temperature (20 em above floor) 500 | [ . | o
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Test no 8 (271102)

Test date 2November 2009
Theoretical HRR = 30kW

Opening size = W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER=1.6

Recorded observations:

41 seci ignition

1 min 00 se¢ automatic control of burner started

22 min 10 seé flamesapproaching middle of box C

24 min 17 seé first small flame tip visible shortly outside
24 min 55 se& next time when small flame visible outside
27 min 00 seé flame anchored in box B

28 min 50 set flame visible outside for longer periods of time
33 min 20 secflames outside all the time

36 min 05/ gas turned off

38 min 17 set flame self extinguished

< 60-

= ,
2% 50

8 4

ch 40 -
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Temperature (°C) Temperature (°C)

Temperature (°C)
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- Underventilated
z aditioes
2 Eos0 ©
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2
m L
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- DL I." "“' AL g I|
LS e e Box A \
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from 4th temperature sensor
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Test no 9 (101204)

Test date 10 December 2009
Theoretical HRR = 15kW

Opening size= W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER =0.8

Recorded observations: (none available)

B W
o T e RN
P =T

| Theoretical HRR =
|/ HRR__=1500AH"
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20 -
{ =4 e e e )
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0.00 e A e S — Pl

0 600 1200
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Temperature (°C) Temperature (°C)

Temperature (°C)
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Smoke volume fractions
inside the enclosure (ppm)
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0L - L / ' 13m0
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I from 41h temperature sensor
U Rt e R - B e e L
Box E ' :
e § / —

No data available
from bottom lemperature sensor

0 o d 1 A " dddd
600 1200 1800
Time (sec) [

Legend for boxes A-F -
——— Top temperature (3em below ceiling) " | ¥ SRl 1600
— st temperature (38 cm above floor) T 'I/P,.—-“ P e

4" temperature (29 cm above foor) L1/ ~ o e

3" temperature (20 cm above floor) 300 /C/// box A boc B 1300
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Test no 10 (101202)

Test date 10 December 2009

Theoretical HRR = 15kW

Opening size = W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER =0.8

It was repeated test on warmed enclosure

Recorded observations:

<38secT ignition

15 mini gas turned off

17 min 26 se¢ flame self extinguished

Y (e
(o R e BN -
1 12 eepe Y

Theoretical HRR
|

: HRR __=1500AH"

Heat Release Rate (kW)
Z

20
T == J T AT IERRGRIEAN TSN TSRS G TAINs
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z | 1100
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2 / yw/ 10
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0 600 1200

Time (sec)

16C



Temperature (°C) Temperature (°C)

Temperature (°C)
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from 4th temperature sensor
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Testno 11 (181204)

Test date 18 December 2009
Theoretical HRR = 50kW

Opening size V10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER =2.67

Recorded observations:

38seci ignition

1 mini automatic control of burner started

5 min 10 seé¢ flame moving gradually

6 min 20 se¢ flames at the sampling line in box C
7 min 15 seé flame tip outside and stays outside
14 mini smoke meter in box C off for 40 secs

15 mini gas turned off

17 min 05 se& no flames visible outiside

18 min 14 seé¢ flame self extinguished

Underventitated
60 conditions ‘
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I"‘ | A ||| 'nl ‘
\ N, /Wi, ;
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Temperature (°C) Temperature (°C)

Temperature (°C)
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Testno 12 (181202)

Test date 18 December 2009
Theorgical HRR = 30kW

Opening size = W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER=1.6

Recorded observations:

0 minT automatic control of burner started (due to error)

<10secT ignition

24min3lsecf i rst fl ame tip viagiodiside(loakulikesni de an
extended flame from boxesg)

27 mini more flames visible outside

30 mini gas turned off

32 min 30 set flame self extinguished
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= 104 HRR__=1500AH"

)

0

0 600 1200 1800
Time (sec)
Underventilated

) conditions
30
EQ 0.04

¥ 5]
=

[P)
B Yy 19

W | =
k) Yoo 100 S
o 7

& |/ —~

O.OO.IIT’,,,,‘-'.-r',1'_",'_": yyyyyyy —r—)

0 600 1200 1800
Time (sec)



Temperature (°C) Temperature (°C)

Temperature (°C)
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from 41h temperature sensor

| P
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D 1 i L i L
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Legend for boxes A-F
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300
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( 4 300
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Top temperatures in all boxes
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Test no 13 (231204)

Test date 23 December 2009
Theoretical HRR = 25kW

Opening size= W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER =1.33

Recorded observations:

38sect ignition

1 mini automatic control of burner started

1 min 27 se¢ smoke fans turned on (delay due to error)

about 21 miri very dense smoke

26 min 44 set less smoke visible and flamstarted to move inside
35 min i gas turned off

37 min- flame self extinguished

At 35 min flame werevisually observed around sampling line inside box C

Uinderventilated
conditions

oY e
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=
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Temperature (°C) Temperature (°C)

Temperature (°C)

Problems with smoke meters during this test
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from 41h temperature sensor
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Test no 14(04011061)

Test date 4 January 2010
Theoretical HRR = 28kW

Opening size = W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER =1.49

Recorded observations:

55seci ignition

1 mini automatic control of burner started

23 min T shutter doors open oude (possible draughts)

16€

<25minif |l ames didndét reach box C yet
25 min 1 gas turned off
27 min 07 sec flame self extinguished
Underventilated
g 60 + condui:msl
< 50-
2
< 40-
% 304 Theoretical HRR
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Temperature (°C) Temperature (°C)
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Test no 15 (050112)
Test date 5 January 2010
Theoretical HRR = 35kW
Opening size V10cm x H25cm

Ventilation controlled HRR = 18.8kW

GER =1.87

Recorded observations:
55seci ignition
1 mini automatic control of burner started
23 min i shutter doors open outside (possible draughts)
<25mini f | ames
25 min 1 gas turned off

Heat Release Rate (kW)

Species yields (g/g)

17C

di dndt r e aobshrvationsy C yet
27 min 07 sec flames self extinguished
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Testno 16 (0701141)

Test date 7 January 2010
Theoretical HRR = 50kW

Opening size = W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER = 2,67

Recordembservations:

34seci ignition

1 minT automatic control of burner started
<7 min 09 seé flames visible outside

25 min i gas turned off

27 min 07 set no flames visible outside
28 min 25 sec flames self extinguished

P e
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Testno 17 (07011@)

Test date 7 January 2010
Theoretical HRR = 60kW

Opening size = W10cm x H25cm
Ventilation controlled HRR = 18.8kW
GER =3.2

Recorded observations:

35seci ignition

1 minT automatic control of burner started

5 min 36 se¢ flames visible outside

12min 20 sed gas sampling line in box C correctegrevious results could be
incorrect

25 min 01 sedcgas turned off

27 min 30 set no flames visible outisde

28 min 35 secflames self extinguished

Laser in box @ wrong results after the test
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NO SMOKE DATA AVAILABLE for measurements in the duct
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Testno 18 (1101141)

Test date 11 January 2010
Theoretical HRR = 15kW

Opening size = W7.5cm x H20cm
Ventilation controlled HRR = 10.06
GER =1.49

Recorded observations:

32seci ignition andfuel supply set at 15kW

3 min 10 se¢ gas sampling probe in lower layer corrected
4 min 30 se¢ flame on/off- flickering

Oscillations

8 min 38 sed gas turned off
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Test no 19 (1201141)

Test date 12 January 2010
Theoretical HRR = 24.4 kW

Opening size = W7.5cm x H30cm
Ventilation controlled HRR = 18.49

GER =1.32

Recorded observations:
37 sed ignition

1 mini automatic control started
<3 mini water for radiometer in box F turned on

7 mini door in the lab open
15 min ® sed office divider

24 min 30 set really full of smoke insidé free layer lower than usually
Ok 25 mini observed some leak of smoke around radiometer in box F

27min 57 set¢ >62000 THC

and louvers open
in place to shield from drafts

indicating that flame startednove

30 mini gas supply turned off

<32 min 40 set flame self e
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Test no 20 (120112)

Test date 12 January 2010
Theoretical HRR = 30kW

Opening size = W7.5cm x H30cm
Ventilation controlled HRR = 18.49
GER =1.62

Recordedbservations:

39 sed ignition

40 sed small fans for smoke meters turned on

1 minT automatic control of the burner started

26 min 35 set first flame tip outside, but flame anchored inside
31 min 20 sécgas turned off

33 min 38 set flame self extguished

= 60- foor
5. 50
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Test no 21 (140114)

Test date 14 January 2010
Theoretical HRR = 50kW

Opening size = W7.5cm x H30cm
Ventilation controlled HRR = 18.49
GER =2.70

Recorded observations:

53 sed ignition

1 minT automatic control of the burnstarted
7 min 03 see flame tip visible outside

25 min i gas turned off

27 min 20 set no flames visible outside

< 27 min 40 set flame self extinguished

é\ 60- Underventilated
conditions

2 50 ... Theoretical HRR
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Test no 22 (14011@2)

TEST ON PREWARMED ENCLOSURE
Test date 14 January 2010

Theoretical HRR = 50kW

Opening size = W7.5cm x H30cm
Ventilation controlled HRR = 18.49
GER =2.70

Recorded observations:

5 min 32 seg ignition

6 mini automatic control of burner started
9 min 42 se¢ flame visible outside

30 mini gas turned off

32 min 0 sed no flames visible outside

32 min 39 set flame self extinguishment
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Test no 23 (2001141)

Test date 20 January 2010
Theoretical HRR = 40kW

Opening size = W7.5cm x H30cm
Ventilation controlled HRR = 18.49
GER =2.16

Recordedbservations:
None available

Not all data saveth thesame time scale
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Test no 24 (200112)

Test date 20 January 2010
Theoretical HRR = 60kW
Opening size = W7.5cm x H30cm

Ventilation controlled HRR = 18.49
GER =3.25

Recorded observations:

35 sed ignition

60 sed automatic control started (deducted from data)
5 min 39 se¢ flame visible outside

25 mini gas turned off

27 min 32 set no flames visible outside

28 min 35 set flame self extinguishment
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NO SMOKE DATA AVAILABLE for measurementi the duct
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Test no 25 (110214)

Test date 11 February 2010
Theoretical HRR = 15kW

Opening size = W25cm x H10cm
Ventilation controlled HRR = 11.86
GER =1.26

Recorded observations:
None available
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Test no 26(03031061)

Test date 3 March 2010
Theoretical HRR = 10kW

Opening size = W25cm x H10cm
Ventilation controlled HRR = 11.86
GER =0.84

Recorded observations:

39 sed ignition

4 min 30 sed¢ small oscillations

Lots of bluish flames

25 min gas turned off

28 min 06 sed flames self extinguished

Heat Release Rate (kW)
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Test no 27 (0503141)

Test date 5 March 2010
Theoretical HRR = 30kW

Opening size = W25cm x H10cm
Ventilation controlled HRR = 11.86
GER =2.53

Recorded observations:

29sed ignition

1 min 00 se¢ automaic control started

2 min 10 se¢ flame oscilations to the left and right

3 mini flame become small but not bluish

4 min 07 seé bluish in the lower pait whole lower layer in flames photos taken
7 min 03 se¢ flames around sampling lines in box C

7 min 46 sed flames visible outside

15 min 10 se¢ video started

25 min 20 set gas turned off

28 min 37 se¢ No flame outside/inside (as if all extinguished at once)
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NO SMOKE DATA AVAILABLE for measurements in the duct
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Test no 28(08031061)

Test date 8 March 2010
Theoretical HRR = 40kW

Opening size = W25cm x H10cm
Ventilation controlled HRR = 11.86
GER =3.37

Recorded observations:

30 sed ignition

1 mini automatic control started

5 min 32 seé flame visible outside (movmenf blusih flames was observed

inside)

For long time bluish flames visible outside. There were not anchored at the opening
but as if there was a nicliesee photos.)

22 mini video taken

25 mini gas turned off

32 min 55 seé& no flame visible outside
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NO SMOKE DATA AVAILABLE for measurements in the duct
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Test no 29 (1103141)

Test date 11 March 2010
Theoretical HRR = 50kW

Opening size = W25cm x H10cm
Ventilation controlled HRR = 11.86
GER =4.22

Recorded observations:

50 sed ignition

1 min 01 sei automatic control started

2 min 50 seé flames were getting

3 min 10 seé oscillations

3 min 30-40 sed whole bottom layer in flames
4 min 43 seé flame visible outside

22 mini video started

25 mini gas turned off

32 min 45 set no flame visibleoutside
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