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ABSTRACT

AN EXPERIMENTAL AND NUMERICAL STUDY ON THE COMBUSTION
CHARACTERISTICS OF POOL FIRES IN TUNNELS

Shafee, Sina
Ph.D., Department of Mechanical Engineering

Supervisor: Assoc. Pro. DAh met Yozgatl égi l

July 2017,136 pages

This work presents the results of experimerdall numericahnalysis on tunnel
fires in an attempt tanprove existingknowledge orthe fire dynamicsandrelated
safety measuras various tunnel fire scenarioResultsaregroupednto four partsin
which the effects ofunnelwall coating,inclination, tunnel obstructiorand existence
of secondaryfire source in close vicinity were investigated on tunnel fire
characteristicsA 1/13longitudinally ventilatedcaled tunnel modebnstructed based
on Froude modeling/as used in the experimentgh ethanolpools as the fire source
Numerical simulationswere carried out using Fire Dynamics Simulatode. The
focus was onritical factorsin the safety research communiitycluding heat release
rate (fire load) burning rateof fire andtunneltemperatureistribution, whichwere
measuredicross a wide range of ventilation condippool size anddepth Results
emphasized that theverall variations in the burning rates of fereat different
ventilationconditionswasa function of competing factors thaffect the heat release
rate mass transfer coefficiend cooling effect of the airflow. Thapplication of
absorptivewall coaing ledto considerableaductionof radiative heat fluxo upstream
of fire. Burning rateand the heat release ratidire showed arncrease as high as 125

% under the effect of theecondary fire sourcemphasizing the need to account for



possiblesecondaryires in tunnel safety desigin case of blocked fire tests, the results
from experiments as well as simulations indicated that due to chamdecal
ventilation velocity and flow pattern upstream of the flreat release rates tend to
increse as high as 0.7 MW/fcompared toun-blocked fire under certain test
conditions It wasalsoshown that tunnel inclination is an influential parameter that

affects thesmoke movement angentilation requirerants of tunnel considerably

Keywords: Scaled tunnel model, pool firdyeat release rateburning rate,Fire

Dynamics Simulator
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CHAPTER |

INTRODUCTION

Modern society demand for efficient transportation has highlighted the importance
of tunnels as means of alleviating traffic congestion and providing faster transit of
goods. Howevenyith everincreasingate of tunnel constructioand heavier traffic,
fire accidents started pmse a threat to the live$ passengeras well as damagirnge
tunnel structure With the overwhelmingcost of tunnel construction, extensive
research attentiomasdrawn to the safety issues associated with the design of tunnels
andrisk perception angnanagemenstrategieslt is well-known that he enclosed
nature of tunnel structuréor any compartmealized space results ina rapid
temperature increassd oxygen depletioduring a fire, making it difficult for rescue
operatons especially in crowded traffic conditiorisire incidentsin Mont-Blanc
tunnel between France and Italy, Tauern tunnel in AustriaKégerun tunnel in
Switzerland, the Channel tunnel between UK and France, the underground railway
tunnel in Azerbaijanand most recently, thBoma minealisasteiin Turkey are among
catastrophic examples witlire consequencg4,2].

The number of fatalities in tunnel fire accidents reported in the literaturetwver t
years and in recent histotyghlight the fact that there are still significant issues
regarding tunnel fire safety that need to dulressedhrough experiments and/or
modelling especially in the case of fires in metro and underground tumpest from
the fire heat load suffocaton due tosmoke and toxic gas inhalation is known as
anothercause of deathndinjuries in a tunnel fire incident. The safety issue becomes
even more pronounced as the length of the constructed tunnels is increasing in the
modern dayA better understanding dire characteristics in confined spacasd
related phenomenin general, andspecifically fires in tunnels, would enrich the
current state of knowledge on the matter and \aldableinformation needed in



deployingsafety measures tunnel design. These have beébka main incentive for

conductingof this researclork.

1.1 Aims of this research

Use of pool fires have proved a good approach in simulating tunnel fires of different
magnitudes. Study of thmrresponding literature showsat there are still issues that
need to be covered in order to better understand tunnel fire behavior under certain
circumstances. In this research, a series of experiments were conducted in an attempt
to investigatdaunnelfires andimprove existing database on the mafidére output of
this work will provide data that carbe utilized infire safety designpool fire
combustion research and validation of numerical mo@pkscific aims ad associated

hypotheses of thetudyis discussed in this section.

1.1.1 Effect of tunnel wall coating

The purpose of these experiments was to qualitatively investigate the effects of
different tunnel wallcoatingtype, i.e. reflective or emissive, on the burning rates of
the fire as well as raakive heat feedback upstream of the pobich is a safety hazard
As part of the experiments, the flame tilt was recorded using a camera. The results of
the experiment could be used as an approximation to assess fire spread to the upstream
of the fire zme by measurement of radiative heat flux. Numerical simulations were

performed to accompany experimental results.

1.1.2 Adjacent pool fire

Even though thens the possibility of multiple firewith close proximity in tunnels,
there is no major report in thi¢drature assessing such scenario and fire interactions

in compartmented spaceAdjacent secondarpool fires werestudiedin current



researchThe behavior of fire due to a secondary sowasbelieved to be different
compared to a single fire case errhs ofheat release ra{@lRR), burning intensity
and fireinduced turbulence-dence,effect offire size andseparation distance from
secondaryfire on the burning rate, interactions between fires, HRR and flame
characteristicsvere analyzed. The pool fires were positioned traverse to the flow

direction.

1.1.3 Effect of tunnel blockage

Temperature distribution along the tunnel ceiling is of critical importance in
designing fireproofing materials and lining structures in a turja¢l Majority of the
studies in the literature have investigated this parameter by only considering fire
scenarios without any blockage effect except a[BgwHowever, in most tunnel fires,
vehicles usually exist near fire source in upstream, which will ablaakage and
influence the air and plume flow. In this study, the upstrebstructionof tunnel was
investigated by use of vehicular blockage with different blockage r8tuwmsing rates,

HRR of fire as well agas temperature distribution at varying ventilation conditions

weremeasuredNumerical simulations accompanipdrtsof theexperimental results.

1.1.4 Effect of tunnel inclination

Flow characteristics upstream and downstream of the combustion zone tend to
change significantly at negative and positive inclinations due tarfdeced buoyancy
effect [41 6]. Current research also aimed to investigate the effect of uphill and
downhill inclination on smoke movement, ventilatioequirements and gas
temperature distributio in tunnel through experimentsThis case also had
considerable importance because in practice, a great number of metro and road tunnels

need to be constructed with sl opes up t
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1.2 Thesis outline

This thesis is organized in the followingianner Chapter Il presents the
background information on recent history, safettdes, research on tunnel firaad
explains theaims ofcurrentresearch which were identified based ondhgsin the
related literatureln Chapteill , theequipment ad experimerdl methodarediscussed
followed bydesign factorsThe rumerical modelvhich wasused to accomparparts
of the experimetal resultsis discussed in Chapter IV. Results of tiv@nel fire
experiments are presented and discussedparatasections irChapter V andinally,
conclusive remarks armadein Chapter VI in an attempt tassociatethe major

findings of the work and provide a summary.



CHAPTER I

LITERATURE SURVEY

Over the years, tunnel fires have taken the lives of np@ople Tables 1 and 2
give abrief summary ofthefire incidents in some of the road and railroad tunnels of
special interestheir possible causes and consequertgd. The numbers highligh
the fact that there are significant issues regarding tunnel fire safety that need to be

addressedt is reported that as well dise heatload snoke and toxic gas inhalation

plays an important role in the consequent causalitiasnoke! fire inciders.

Table 2.1. Major road tunnel fires from 1949 to 20[&]

Year | Tunnel name Location Probable cause Causalities

1949 Holland USA Load explosion 66 Injured

1978 Velsen Netherlands Collision 5 dead, 5 injured

1982 Salang Afghanistan Collision More than 400 deag

1986 LArme France ngh.s.peed 3 dead, 5 injured

collision

1995 Pfand Austria Collision 3 dead, 4 injured

1999 | Mont Blanc | Franceltaly Oil leakage 39 dead, 27 injured

1999 Tauern Austria Collision 12 dead

2001 Gotthard Switzerland Collision 11 dead

2005 Frejuse Franceltaly Diesel leakage 2 dgad, 21. smoke
inhalation

2007 | San Martino Italy Collision 2 dead10 injured

Explosion, fuel leakage, collision of arheavy good vehites (HGVs) and
electrical fault are among the mped possible causes of tunnel $irdt is also
indicatal that railway and underground tunnels hhae the major share aausalities

and damageompared to road tunnels, expressing the severittyegfroblem in this



case The coal mine fire in Soma, Turkey whitdok the lives oB01workersandleft
manyotherinjured wascausedyy carbon monoxide poisonirdue torapid depletion
of oxygen in the mine shafthich could have been preventedéfuge chambensere

designed properly and enough oxygen sensors were mdaited

Table 2.2. Major railroad and underground fire incidet$

Year | Tunnel name | Location | Probable cause Consequences

1921 | Batignolles France Collision > 28 dead

1971| Wranduk | Yugoslavia| Firein engine 34 dead, 120 injured

1987 King CFross UK Not available 31 dead, many injured
station
Baku . . -
1995 Azerbaijan | Electrical fault | 285 dead, 245 injured
underground
1998 Gueizhu China Explosion > 80 dead
2000 Kitzsteinhorn Austria Oil leakage 155 dead
fancular
h . .
2003 Jungangno Sout Explosion 198 dead, 146 injured
underground Korea
2007 | San Martino Italy Collision 2 dead 10 injured

2.1 Safetymeasures

Tunnels arenclosed facilitiegor transportation of motor vehicles and passengers
all over the world. As the rate of constructionlafigertunnels grow, fires in road
and rail road tunnels becomeiarvitableproblem on a global scale. Life threatening
factors of fire such asieat Release Rat€HRR), also termedheat load rapid
temperature increase and oxygen depletion, fire growth and spread, and asphyxiation
by inhaling the smoke and fumes make it more difficult for an effective means of

escape&nd rescueln some cases, even fivéng and fitting structure of the tunnel can



be compromised auto thermal shock resulting concrete spallingptal devastation
and massive loss¢s%]. According to the tunnel fire safety standacd$National Fire
Protection Associatio(NFPA) 502 andAssociation Mondiale de la RoutAIPCR),
there arecertainrequirements for ensuring human safety during fire emergencies and
evacuation and rescue phases as well as piwtect tunnel structural compoents
[7,8]. Regardless of length of the facility, factors such as heat loads ranging from minor
incidents to major catastrophes, occurrencgeobndaryires at one or more locations
inside the tunnel, traffic congestion and control during emergenciesirbdife
protection features and emergency ventilation systdrosldbe fully considered as
part of an engineering analysis of the fire protectiswell as using water mist and
sprinkler systems to suppress finedareducetemperatureyentilation fatural ad
forced)is utilizedin most cases

According to theNFPA standard, mechanical ventilation in tunnels is considered
to be one of the most effective methadsproviding fresh aftow and disposal of
contaminants duringormal conditions and control gfroke movement to create a
safe passage for motorisfg]. Establishing air requirements and capacity of the
ventilation system as well as determining the amount of hazardous toxic gases and
temperature distribution at different fire scenarios is a challenging issue due to the
difficulty of controlling many variablesnd there is an indisputable need for research
in this field. Typical tunnel ventilation systems are transverse and longitudinal.

In case of transversely ventilated tunnels, fresh air is supplied from ducts along the
tunnel whereas in lomgidinally ventilated tunnels, air is forced in to the tunnel usually
by jet fansmountedeither on the ceiling of the tunnel or at the vertical shafts.
Installation and maintenance of longitudinal ventilation systems usually cost less than
transverse veitation which makes them a more common choice especially in Europe
and eastern countrig®]. Other ventilation systems include partial traverse and
combined ventilation. Chow et al. highlighted the advantages and digades of
each systergivenin table2.3 [10].

In case of a fire in a confined space such as tunnels, the arising buoyant plume

spreads to both direotis after deflecting with ceiling. If the buoyancy force of the



plume dominates the inertial forces of the ventilation airflow, a stratified layer
develops upstream of fire source against the longitudinal airflow. The phenomenon is
ter med A b a[@lf |Inrgdection rofglongitudinal ventilation results in

impingement of the airflow with backlayering plume which stops the back flow,

ultimately directing it downstream as shown in figure[22].

Table 2.3. Comparison of ventilation systerfi0]

Type of the \entilation system

Advantages

Disadvantages

less space to

Lonaitudinal install, smple Not desirable for bi

9 installation and | directional traffic
low cost
Good smoke N

Semttraverse control, low H_|gh |_nvestment cost, ng

oo directional smoke contro
maintenance cos
Suitable for long | Large ventilation
tunnels, ductwork required,
Traverse

applicable for bi
directional traffic

ineffective in smoke
management

Intermediate

Large ventilation building

characteristics :
. and ductwork required,
Partial traverse betweertraverse | . S
) ineffective in smoke
and sem
management
traverse
Good smoke .
. : Relatively complex and
Longitudinal and semktraverse | control, R :
Y : .| high initial cost, hitp
combination applicale for bt .
. . . | maintenance cost
directional traffic
The term Acritical velocityo is wused in tu

longitudinal ventilation velocity required to guent the toxic smoke back flow, i.e.

zero backlayering length in figure 2.1.
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Figure 2.1. Formation of stagnation point in the backlayering flow due to longitudinal
ventilationand the backlayering length

The confinedire exhibitsfive stage®f ignition, growth, flashover, fully developed
fire and decays shown in figure 2.Zollowing theignition, in case of availableiel
and oxygen supplythe fire will developand reach later stageBhe oxygen supply in
fire growth stage is generallgufficientandthe fire isreferredto asfifuel-controlled
in this stageln the flashoveistagethe radiationfrom hot combustion gases starts to
dominate resulting imgnition of unburnt combustible materials. TheakHRR and
burning rate are reachedh fully developed stagelhis stage is ofin referred to as

oxygen (ventilation) controlled stage due to lowrygenavailability.

F’oﬂsrﬂasr}wa!

Flashover !

I
i
|

Fully developed fire

Temperature rise

Ignition

Figure 2.2. Evolution of compartment firgl3]



2.2 State of fire research

Fire is a complex phenomenon within which several physicdl @memical
processes take platieat render ambustion and fire research a challenging branch
requiring knowledge ofthe flow field, heat transfer, mass transfer, and chemistry.
Nevertheless,unnel fires have been the topic of research since early 1960s when
transport tunnels were bgmassconstructed1]. Most of the fundamental data on
tunnel fires have been achieved throlayige scalefire testsconducted in abandoned
or disused tunnels or in operational tunnels in smaller scélesiever, he
overwhelmingly high cost of large scale tunnel fire experiments turned the attention to
reduced scale or model experiments which is also the topic of cuvogkt The
reduced scale experimemteoftenaccompanied by numerical modelitmyeproduce
full-scale features. There are a number of distinct mathematical models that are being
used in the fire resear community. Theonal models such &onsolidation Model
of Fire Growth and Smoke Transpo@®RAST) are simplified thermodynamic models
and highlydependent on empirical expressions which are not suitable for tunnel fire
simulation[14]. However, in recent years, better numerical simulation of the tunnel
fire phenomena is made possible using Computational Fluid Dynamics (CFD) models,
including FDS [15] and OpenFOAM16], as wellas commercial software such as
CFX, FLUENT, and FLOW3D that can provide detailedresgntation of théow
field domain.In the following sections, the common terminology in fire research, as
well as scaledanodelling is discussed followed by a literatstgvey onsome of the
most relevantarge scale small scale and numericgtudies availablen the field The

specific aimsf current researcarealso summarized at the back end of this chapter.

2.2.1 Scalingin fire research

In orderto utilize dataachiewed from reducedscaleexperiments, a welllefined
similarity should exist between tHarge scaleand modelDue to the complex fire
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dynamics, especiallynithe case of confined fire, it is impossible to achieve complete
similarity. However, partial simility can be achieved by preservirpme of
dimensionless groups of interest whishhe fundamental of scaled fireodeling[17].

In this sectio, the procedure of establishing dimensionleésgroupsand suitable
normalizing factordrom conservation equationssedin fire modelingare briefly
discussed but the reader is encouraged to refer to the odgicainentor a detailed
study [17]. Density is assumed constant throughousdiderivations andnly the
vertical momentum is examinexplicitly. The mass and momentum consgion is
applied to achievaormalizing factor for velocity under constant pressure conditions

as in equation 1) [17];

u =gl (2.1)

which is asuitablenormalizingfactorfor natural convection and maximum velocity
due to buoyancyvithout forced velocity Equating the momentum flux and stress

terms in the momentum equation giwegiation 2.2);

Re= P, =— (2.2)

which is the ratio of inertial forces to shear stresso known as Reynolds miber.
The energy equation establishes multipliegroups due to inclusion of different
phenomenon such as combustion and heat transfer which are inherent in the physics
of the problenj17]. Below are the final forms of some atherpertaining normalizing
factors and associat@&igroups that will be used throughout this stulgudion (23)
commonly known as Zukoski number relates the fire power oideedito the enthalpy

flow term;
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Q = P, (2.3)

512172
9

whereq is the fireHRR, | is the length scalend deominator is the enthalpy flow.

Normalized heat fluxes to the solid boundaésin enclosure firevere derivedin
terms of Zukoski number for conduction, convection eadiation given in eggtion
(2.4) through(2.6) [17].

1/2

. (krec)y =, 0Conduction
QCund. = P3 = 1/4 ,3/4 (24)
r.c.g I Enthalpy flow
. h, Convection
QCOHV. = P4 = 2 (2-5)
/’ucp«/gl Enthalpy flow
sT? , radiation (2 6)

Qrad.* = PS =
rucp1/g| Enthalpy flow

OtherPi groups exist for mass floterms due taropletevaporation and chemical
energy of species present in the reacting mixture which are not in the scope of this
context.lt is impossible to presenadl thePi groupsdiscussed above, or any otlirer
groups of interest not covered hateonce. This is due to inherent inconsisteniries
the heat loss terms once we attempt to preserve a spciioup, say Zukoski
number. In fire correlations, tlgas phaseadiation wall boundary thermal properties
and the Reynolds numbaretherefae notgenerally preservednstead, partial scaling
is maintained which requires a good understanding of the competing phenomena in the
physics of the problelmt hand. This is ref[@#f.Omedf to as At
the most prominent applications of scale modelling is Feosdalingwhich is
extensivelyused in reduced scale tunnel fire studliéd 26]. This scaling technique is

principally achieved bynaintaining the Zukoski numb&onstant and requires that

velocities scale agyl)"* given in egation (27).
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o u
Fr a (27)

which represents the ratio of inertial forces to buoyancy foftpsBased on
preservation of the Froude number, the relationshipsH®R, velocity, and gas

temperature between model tunnel and full scale can be expressed as[Z3l@&k

) l 5/2
W 2.8)
QF lF

I 12
Vi o (beye (2.9)
V.ol
T, =T, (2.10)

in which Q is the HRR of the fire, T is the gas temperature Kelvin, V is the
characteristic flow velocity (i.e. ventilation velocityy, stands fomodelandF stands
for full scale. The relations mean that, for example, if the miedelth scalas half
the full size tunnelthe measure#iRR will be up-scaled with a factor of 5.65 in the
full-scalefire calculationsTable 2.4 gives guantitative idea as to what these scaling
measures would correspond to in the full scale tunnel as well as the equivalent fire

scenario.

Table 2.4. Full scale versus model HRR comparison

Model HRR (KW) Equivale(rll\jlwgl scale HRR Eﬁg\/szizlgggﬁjonnel
31 14 157 8 Small cars
3271 50 2071 30 Truck or bus
2171 328 1371 202 Heavy good vehiclg
127 70 771 43 Railroad vehicles
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2.2.2 Heatrelease ate

HRR is a pivotal parameter in defining safety associated with tunnel fires since it
relates to many factors including temperature, fire spread, heat traarsfeflame
length In fact, HRR is believed to be the most hazardous factor in evaluating fire
safetyand isof greater importance in tunnel firesearch since hefeedback could
intensify theproblem[27]. There are two common methods for calculatiotHBR
from tunnel fire experiments, by measuring of the mass lates of the burning
materialandusing oxygen consumption calorimetry mettia8,29] While the former
method relies on using a balance to record mass loss rate during comandttben
doing calculation based on tineass losgate and lower heating values of futie
latter calculatesHRR based on oxygen depletion and combustiorspecies
concentrations variations.

The premiseof the calorimetrymethodis to use constant heat of combustion per
unit volume of oxygen consumed whichapproximately the sami@r most of the
organic materialf29]. The method has beertensively used in the literat&Oi 34].

The heat released due to oxygetodmetry method ca be calculated according to
equation(2.11) and @.12).

é OE.._ E' ,..10_]( XA %) .
Q=6 w— o —a EXIY, 219
6 ¢ Ei 29 X3 g
Ko XS (X XL Xh, %) (212
o A A A
X 2?1 onl(l XCOZ XCO) u

in the above okquapensnscri gther éf edXisthet o st anda
mole fraction of species measured by gas analyzer or at standard conditisrthe
net heat releasef combustion per unit volume of oxygen consumed equdl/td
MJ/m?, e; is heat release per volume of oxygen coned in the burning of CO equal
to 23.1 MJ/mf¥ and s is the oxygen depletion factoThe method has been
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demonstrated at tunnel experiments in previous sty8%86] Deailed derivations
of equation 2.11) and(2.12) are illustratedn [28].

2.2.3 Critical ventilation velocity

It was stated thathe minimum ventilatiorvelocity required for prevention of
smoke movement in upstm direction, is known as tleetical ventilation \elocity.
Empirical formulations for critical ventilation velocity based on Froude nuiingd
be found in the literatur®ne of the earlier ceelations was given by Thomgs7] in
which the inertial force of incoming fresh air and the smokeyancy forcewere
compared. He suggested that the critical ventilation velocity is achieved when these
forces are equal, i.eritical Froude numbenf unity. The proposed equation for critical

ventilation velocity byf37] is given inequation(2.13).

gQ.H :
Ve = ( ) (2.13)
r Ocpr A

which estimates the critical ventilation velocity proportional to-tivikel power of

convectiveHRR. In equation(2.13), v, is the critical ventilation velocity im/s H is
the tunnel heightr is the ventilation flow density at standard conditionsis the
specific heat of ventilation flowr, is the measured ventilan flow temperaturén

Kelvin. Similar correlations have be@roposed by others such as equatibi4)and
(2.15) by Kennedy{38].

- .

vV, = kg(Lf (2.14)
rocpr AFrCr

=T, 2 (2.15)
roC, AV,
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In equationZ.14), citical Froude number was propodede4.5andkyis the grade
correction factor to be applied when used for inclined tunkéisand Bakar argued
that the critical velocitys dependent othe hydraulic diameter of the tunnel rather
than tunnel height through experiments on a small scale vatciasiesectionatunnel
[39]. Theyintroduced two regimes for critical velocity variaticass given irequation
(2.16), (217) and(2.18). Theyshowed that at loar HRR, the critical velocity varies
as the onghird power of theHRR; however at higher rates of heat release, the critical

velocity becomes inependent oHRR.

1

Vj=04(02)°Q, Q ¢o0.z (2.16)
Vj=0.4 Q > o0. (2.17)
V= e (2.18)

where Q' is theZukoski number based on tunnel hydraulic diametehadength

scale in equatio(R.3).

2.3 Large scale experiments

One of the earliedarge scalgéunnel fire experiments was carried out in a disused
railway tunnel in Glasgow in 197Q]. The tunnel was 62 long, 7.6m wide, and
5.2m high and the fire source was kerosene pools of h%drea. It was found out
that smoke layers of-2 m in thickness would form aritlicken in time, reaching4
m in 10 min. The smoke woulddvance at aboutl.5m/s. Some years later, 30 fire
tests including large petrol and diesel pool fires and mixed load of wood, car tires and
sawdust were performed in a 380long deserted railway tunnel in Austfid. The

tunnel was modiéd to simulatelongitudinal and traversegentilation conditions.
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Ceiling temperatures dsi g h

of the mainlarge-scaletunnel fire experiments tunnel fire research history and their

respective results.
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Table 2.5. Summary olargescaletunnel fire experiments in literature

Testtitle Year Tunnel Fire source Main result
. Smoke layers of-2 m
Glasgow 1970 Disused | Kerosene advancingat 1-:1.5m/s
experiments railway tunnel| pools
speed
Zwenberg 1976 Disused Petroland Ceilingtemperatures as
experiments railway tunnel| dieselpools |hi gh as 12
Cars. trains. | - Temperaturef 800-
carriz’;lges '| 9 0 0 dudn@ car fires
EUREKA Abandoned | heptane and 1 300HGVY)
EU-499 test | 199692 | mine tuinnel in | pools, and | Fire arowth and
series Hammerfest | heavy good burni 9
vehicles urning pattern
(HGV) consderably affected
by ventilation.
Memorial diesel pool Considerable reduction
Tunnel Fire Two lareroad | fires ranging n V|S|b|I|ty.due to
o 199395 o smoke which posed a
Ventilation tunnel in size(10- h han f
Program 100 MW) greater threat than fire
heat load
High ventilation rates
Pool fires, retarded development
Benelux 2001 Operational | cars, avan | of car fire by up to 30
experiments tunnel and covered | min but enhanced
truck loads | burning d HGV fires
by up to 20 MW

The fire test series under project EUREKAJ-4 99 6 FI RETUNO® wer e t i
of tunnel fire researcf#0]. A wide range oHRR data for different vehicles such as

cars, trains, carriages, heptaneolgp and HG\$ were recorded. However, in the
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EUREKA tests little attention was given to the risk of fire spread between vehicles
(multiple fires) which had been the topic of more recent ik It was found that

fire tends to develop fast in the first-18 min since the start of fire. Fire growth and
burning pattern was seen to considerably affected by ventilation condjfipns
Another milestonenlargescaletunnel fire experiment was the Memorial Tunnel Fire
Ventilation Program (MTFVTP) between 1995 [42]. During the tests, 9Biesel
fueledpool fires were burned in the 8&®longtwo-laneroad tunnel near Charleston,
West Virginia, USA. It was concluded that longitudinal ventilation velocity of3.5
m/s was sufficient for smoke extraction of fires WHRR up to a maximum of 100
MW. A series of pool fire tests were carried out during éaresion of Shimizu tunnel

in Japan in 20011]. It was concluded that théareelane tunnel provides faster
evacuation than a twiane tunnel and that longitudinal ventilation does not have great
effect in the thredane tunnel as it does &ntwo-lane one. Fire test series in the Berelu
tunnel in Netherlands between 2000 an@R2hvestigated thére detection systems,
mechanical ventilation and sprinklde3]. Different combustion related parameters
such as gas tempereduiandHRR were measured. Figu&3 shows the cross section

of the tunnel with propagating smoke iBanelux firetest.

Figure 2.3. Propagating smoke in Benel@xperiment$43]
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Figure2.4 presents thelRR results of the experiment for a passenger car and small
truck [43]. It was seen that fahe car fire test, longitudinal ventilation delayed fire
spread compared to test case without ventilation. As for the truck fire test, results
showed that influence of ventilatiovasprimarily noticeable by its effect on the fire

development during the initigtages.
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Figure 2.4. Fire development of a car asdall truck fire[43]

Large scaletunnel fire tests were also conducted in the Runehamar tunnel in

Sweden in 200B11,44 46]. In these experiments, madlps were prepadeo simulate
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HGV fire. Figure 2.55hows the used moalps. In order to measure thRR on the
downstream side of the fire, longitudinal flomas generated mobile fans located
outside the tunnel entraneed 50 60 m inside the tunnel. Thermocouples, oxygen
sensors, CO and G@ensors, and pressure tubes were located at a suitable distance
downstream of fire source. The probes didideoss sectin of tunnel in to five virtual

areas for each of which species concentration, temperature and flow velocity were

calculated separatelyrfonore accurate estimation dRR.

Figure 2.5. Test commodity used ilargescaletests of Runehamar tunr{d¥]

The fire growth rate of all four tests were approximately linear as seen in linear
regression results of tablesZor used materials which weveood and plastic pallets
(T1), wood pallets and matrasses (T2), furniture and fixtures (T3), and cartons and
plastic cups (T4)lt was also observed that T2 tgstldedthe fastest fire development
(26.3 MW/min.
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Table 2.6. PeakHRR and fire growth rate from Runehamar tunnel tg$4$

Test no. Time from ignition  Linear fire growth rate from SMW up  Peak HRR (MW)
to peak HRR (min)  to 100 MW (R = linear regression
coefficient) (MW /min)
Ti 18.5 20.1 (0.996) 201.9
T2 14.1 26.3 (0.992) 156.6
T3 10.0 16.4 (0.998) 1186
T4 7.4 16.9% (0.996) 66.4
5664 MW.

As aresult of the Runehmar fire testew desigreriteria were adoptefbr tunnels
andapplied to NFPA standardis 2008[7]. Ingason collected thHdRR data from all
the large-scale tests available in the literature before 2006 and normalized the
maximum heat release to the exposed fuel surfacg4tpa he fuel surface area was
defined as the freely exposed area where release of gasified fuel can occur
simultaneously. According tdis results, HRR data could be divided into three
different groups based on the fuel type. The data is summarized ir2fabliewas

concluded that that the heat release data per exposed area in a fuel controlled fire using

different vehicles and solid materials is rather narrow

Table 2.7. Summary ohormalizedHRR for fire testsin tunnels41]

Type of fuel Test series Exposed fuel area | Maximum heat release
rate per square meter
(m?) exposed fuel area
MW/m®
Liquid
Gasoline Ofenegg, 6.6,47.5,95 0.35-2.6
Zwenberg, No.3
Shimizu
Kerosine Glasgow 1.44 1.4
n-Heptane Eureka 1,3 35
n-60 % heptane/40% toulene 2nd Benelux 36,72 1.1-1.6
Low-sulfur No 2 fuel oil Memorial 4.5,9,22.2,44.4 1.7-2.5
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Table 2.8. Continued

Solid fuel
Wood cribs Eureka (test 8, 9 140 0.07-0.09
and 10)
Wood pallets 2nd Benelux (tests 120 (36 pallets) 0.11-0.16
8,9, 10 and 14) 240 (72 pallets)
82 % wood pallets and 18 % PE | Runehamar (test 1) 1200 0.17
pallets
82 % wood pallets and 18 % Runehamar (test 2) 630 0.25
PUR matrasses
81 % wood pallets and cartons | Runehamar (test 4) 160 0.44
and 19 % plastic cups
HGV- furniture Runehamar (test 3) 240 0.5
HGV- fumniture Eureka (test 21) 300 0.4
Vehicles
Medium sized passenger cars Assuming a 5 MW 12-18 03-04
fire in the car
Passenger car plastic Test 20 in Eureka 17 (no ceiling) 0.35
Buss Test 7 in Eureka 80 0.36
Train Test 11in Eureka 145 0.30
Subway coach Test 14 in Eureka 130 0.27

* The heat of combustion of gasoline is assumed to be equal to 43.7 MI/kg, 43.5 MI/kg for kerosene, 44.6 Ml/kg for
n-heptane.

2.4 Reducedscale experiments

Due to costlynature oflargescaleexperimentsresearch attentiowas turnedo
reducedscale experiment#n this section, some of the most cited experimental work
in tunnel fire research literature are discus$aoh et al. investigated the effect of
longitudinal ventilation on burning rate ofheptane pool fires at different pool sizes
using a reduced scale tunf@r]. In this work, a 1/20 reducextale model tunnel was
used constructedbased on Frale scaling to examine difference of backlayering
between naturally ventilatedHRR and longitudinally ventilated HRR of fire.
Schematics of the model used in this wisrgivenin figure2.6. The experiments were
performed with rFheptane pddires with sizes of 4.88.5 cm and depth of 2 crRigure
2.7 shows plot of the nedimensional burning rate against npdimensional
ventilation velocity which are defined as the values of ventilation velocity and burning
rate per that of critical velocity for variousd sizes as defined in equation (2.19) and

(2.20)[47]. It was concluded that nedimensional burning rate oflmeptane pool fire
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increase as the natimensional ventilation velocity is increased due to larger oxygen

supply effect at higher ventilation velocities compared to itéingeffect.
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Figure 2.7. Non-dimensional burning rate vs. nalimensional ventilation velocity for
n-heptane pool fir¢d7]
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A wind tunnel configuratiorwas used to gemate longitudinal air flow at the
combustion section to compare flame characteristics and heat transfer mechanism
associated with pool fire of a sooting (gasoline) and asoating (methanol) fuel on

square and rectangular paasshown in figure 2.Bi8].
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1 1 1 1
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. - gt ; 0000 =--
! Test section : L i oooq T C
' 1.8 m Y i i 3.0m 0000 oo
Pool - -- -

' g o i i voodg
; Steel board —3 D : 5008 *--
: ~ ; pooq = oC
.' k7 i 0000 =
' P o I | hedeleXe | |
i Balance oy i : { {
! ) o 1 ]
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Figure 2.8. Schematics of wind tunnel used in experim¢A&j

Figure2.9 and 2.10 shouhe results bthis experiment for stretching of rectangular
gasoline pool fire with two kinds of orientations to the longitudadlow direction.
It was shown that the flame tilted more largely for the rectangular pool fire with longer
rim perpendicular to the loitgdinal airflow of the same speed. The orientation effect
seemed to be more remarkable for the gasoline pool fire than that for the methanol
pool fire. Results also indicated that radiation from flame to the pool surface had a
great impact on burn rate of gasoline fde¢ to increased temperature of the fuel and
tray rim.

Maximum temperature and its location is one of the important safety factors in
tunnel fires. Li et al. proposed an empirical correlation for calculation eiritheced
flow temperature distribution along the tunnel ceiling under longitudinal ventilation
condition as a function of ventilation velocity and fire HRIR]. The correlation was
validated using two sets of experimental data from past reduced scale experimental
results off47] and laboratory scale data frds0]. Results showed an agreement for

maximum temperature trends between measurements and model along the tunnel.
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Figure 2.9. Flame stretchingn 20 x 10 cm pool firef48]
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Figure 2.10. Flame stretchingn 10 x 40 cm pool firef48]

Atkinson and Wu investigated the effect of downhill inclination on

ventilation velocity in tunnel§4]. A model tunnel was used with a height of @4

and colliery arch type crosection. Propane was used as a fuel in the experiments

feeding viaa porousburner. The propane flow rate waaried togenerate fire loads
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of 15 and 75 MW in a tunnel of diameter of approximately 5 m. Resultsestbat

for tunnels with a downhill slope the critical velocityas greater than for the

corresponding horizontal taelwith no slopeas shown in figur@.11.
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Figure 2.11. Effect of tunnel slope on ventilation veloc[4]

A 1/5 reduced scaled model tunnel was used to study the effect of a vehicular

blockage at the upstream of the fire source on the buoyancy driveralyacdikg
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length and critical velocity in a longitudinal ventilated tunj2d]. Figure2.12 shaws

the schematics of the setup with fire source and blockage configuration. The
experiments were conducted on various -fileckage distance. Three different
longitudinal ventilation velocitie€).5 m/s, 0.75 m/s andrit/swere considered in the

experimens.

|¢7 I8m Upstream

Crosswind Anemometers -
- - Vehicular blockage  Fire
1.3m : - source
— —.— — — — — B o [ s ] ] e e e e e
—_—
l = * £ 03030 0m
-4 72m £ & :

Figure 2.12. Schematics of the experimental sefRB|

The local ventilation velocity was definede to existence of blockage upstream of
fire asgiven inequation(2.21). In this equationA; andA: are the crossectional area
of the tunnel and theahicular blockage respectivedyndViocal is the local ventilation

air flow velocity imposed on the fire region.

AT A Ly (2.21)

According to the results of the experimewith arange ofHRR between 50 100
kW, global correlations were derived for backlayering length as well as critical
ventilation velocities for blocketlinnels, whichare given in table 2.8. It wdeund
that with increase in blockage distance, both the bad&yering length and critical
velocity first decrease then maintain to be constant (similar to the situation with no

blockage).
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Table 2.9. Global nondimensionaktorrelations foblockedfire [23]

Non-dimensional backlayering length

18.5 1n{0.81Q*1:’3/([A1A;f2 + 4 (0.3L/H)] v)} L/H<33, Q" <0.15

- 18.5In(0.81Q"1/3,v") L/H>33, Q" <0.15
R PP 1n{0.43/(["‘54;;“2 +4 (0.3L/H)] v)} I/H<33, Q" >0.15
18.51n(0.43/V") L/H>33, Q" >0.15

Non-dimensional critical ventilation velocity

”(&)”3 Q' <02 L<33H

{A—‘Afz +32 (0.3L/H

N 1/3 —
. 04(% Q' <02, L>3H
Vblockage(LJ = (0‘2) '

04 Q >02, L<33H
A1:%24 22 (0.3L/H)

0.4 Q' >02 L>3H

Q' :dimensionless heat release rate (Zukoskmber) based on tunnel height

Qi:dimensionless heat release rate (Zukoskmber) based on hydraulic tunnel djiater

L' :dimensionless backlayering length

The 1/13 scaled model tunnel whistas modifiedfor usein current research was
previously used to conduatseries oexperiments on the blockage effect of vehicle
mock-ups prepared by wood cribs on tHRR inside the tunnel with longitudinal
ventilation velocities ranging from 0.5 m/s to 3 r{#§,26] In this work, the ratio of
the cross sectional area of the wooden objects to the tunnel craseaeeitio was
defined as the blockage ratiBR). The variation of maximurllRR with ventilation
velocity for different BRvaluesare shown in figur2.13. It was shown that as the BR
increases at constant air velocity, HieR also increasesin additin, it was seen that
as the air velocity is increased after some point, the cooling effect of the ventilation
becomes dominant and thHRR starts decreasing at constant BRwas concluded

that temperature values along tliartel increased as the BR ingedard that the
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maximum temperature location

velocities The temperature variati

Heat Release Rate (kW)

was shifted downstreamat higher ventilation

eralong the tunnel could be saeriigure 2.14.
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Figure 2.13. HRR as a function of blockage ratja6]
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Pool fires where th fuel level is not kept constant are termed as batch pools.
Burning rates and pool temperature variagiof circular 0.2 m batch poalith an
initial fuel layer of 6.5 and 13 mm were studied under quiescent conditigb4].
The results indicated a twsiage increase in burning rates efieptane pool fires in
which fuel bulk boiling occurs in second plateduwas shown that the burning rates
as well as flame height was increased at 13 mm paes. fifigure 2.3 shows the
temperature profiles inside the fuel layer measured by mounted thermocouples in the
fuel vessel for (a) 6.5 mm and (b) 13 mm pool fires tested in this Stvayg et al.
examined the merging behavior of unconfined jet fuel (JP5) pool fires in specially
designed hollow square trays under quiescent and airflow conditions in a wind tunnel
with airflow velocities ranging between 2 and 7.5 f&/8]. The experimental setup
was very similar to that of ref48]. Two hollow trays as well as an ordinary fuel tray
were used which all had the same area of 0.26Rmasults showed that merging
increases the pool fire burning rate and flame height up to 100 % given constant fuel
surface areaccording to the resultéwo correlations were proposed to estimate the
critical burning rate for fire merging on the hollow tray in qeggiescent and windy
conditions. Airflow was shown to decrease burning rates as the wind speedupnged
to 2 m/s de to its cooling effect and then increase the burning rate due to competing

effects of cooling and combustion enhancement.
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Figure 2.15. Fuel layer temperature profil¢sl]
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Effect of side wall on burning rates and flame characteristics of bataptane
pool fires with 225 crharea and varying length to widthtios were studied in a 1/6
scaled channel with length of 6 m, width of 2 m and height of 0.§63in It was
shown that the poekall distance affects the burning rates in several positive and
negative ways, such as incre@gheat feedback from the walls and restriction of air
entrainment, the contribution of which results in peak burning rates to occur at 0.2 m
poolwall distanceBurning rate resultsf this studyas a function of distance from the
wall are given in figue 2.36. The effect of vessel material and freeboard height was
investigated using glass, copper and steel on steady state burning rates of small scale
ethanol pool fireg54]. It was reported that lip heighbuldbe a controversial aspect

of poolfires, whichis dependent on vessel material and pool size.

3.0

Pool aspect ratio

—=— n=1

2.0 4

Burning rate (g/s)

0.0 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Distance between fire source center and sidewall (m)

Figure 2.16. Averageburning rates as a function of distance to wall and pool aspect
ratio [53]

Results showed that as the lip height increased past a critical value, fuel started to
boil in copper and sel vessels and the burning rate decreased monotonously for glass
vesselsSquare ethanol pool fires ranging from 10 to 25 cm were burnt in unconfined

condition with 2.5 m/s cross airfloyb5]. Burning rates showed progressive increase
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with airflow velocities in this range, however, this enhancing effect was more

pronouned at smaller pools. Flame length showed similar trends.

2.5 Numerical sudies

Miloua and Azzi implemented two combustion model&DS codeto investigate
the effect of different ventilation velocities and fuel pan geometry on the flame shape
and smoke plume temperature of octane pool[§63. Model results were verified
using experimental data from a fgitale tunnel. In the numerical model, flow field
was resolved using the Large Eddy Simulation (LES) solver in the FDS code. For
turbulent combustion process modeling, the Eddy Dissipation @o(EEBC) and the
mixture fraction methods were used. The heat transfer through walls of tunnel was
modeled with adiabatic and naaliabatic wall boundary conditions. It was noted that
the critical velocitywas considerably affected by wall conditions mesnthat for a
good prediction of temperature, accounting for the heat loss through wesdls
important as shown in figur@.17. The EDC model wadelievedto give more
guantitatively correct values.

In the work by Nilsen and Log, several fgltale fire tets data for both small and
large fires were gathered and three numerical models including a simple spreadsheet
model, the and two CFD models implemented in order to find out which model has
better compliance with the experimental fire tests and how &rdsults could be
trusted[57]. The recorded temperatures from tests which were used to compare with
the simulation results were taken at 10 m downstream of the fire zone. In order to gain
insight into the backayeringlength, blockage effect and flame length of the tunnel
fire, Wang[58] used FDS code&ith implementedEDC combustion model. It was
hypothesized that the empirically based correlations on propagation of smoke and the
flame length ignore dynamic fire development and heat losses whgtvercome in
a numerical simulation. e dimensions of théarge scaletunnel was similar to

experimental data used [B6].
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Figure 2.17. Comparison of the calculated temperature to the experimental data
downstream the fire using different combustion models and boundary conditions at a
low ventilation rate of 0.5 mfs) at x = 18 m(b) at x = 30 m{c) at x = 40 m boundary
condition:(a) at a ventilation rate of 0.85 m/f)) at a ventilation rate of 2.0 mJs6]

The fire source was octane pool fire at central position in the tumitiela
cylindrical blockage in the upstreavhfire andventilation velocitiesanging between
0.5, 0.85 and 2 m/3.he verification of numerical model was achieved by comparing
results for smoke temperature and backlayering length with experirfegus=2.18
shows results of the modehich matchthe experimental data to a good degrAs.
for the effect of blockage on fire behavior, it was shown that due to a large recirculation
behind the blockage, the gas temperature over fire source and also flame length was

increased as shown in figure 2.17.
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Figure 2.18. Evolutions of the backlayering length obtained from prediction and
correlation as a function of the wind velodi58]

Shorab et al.[59] compared two types ohumerical models to study flow
temperature and velocity profiles in a case of wood crib fire inside a naturally
ventilated tunnel. CFAST was used as a popular zonal model along with CFX. The
zonal models are orsimensional models which divide the compagtminto small
number of volumes with uniform properti¢¢eat and mass transfer among the zones
were processed through smoke plume. In such models, conservation equations are
solved numerically together with empirical equations from experiment such as
radation and combustion modeldsing the CFX modelletailed resolution of flow
field and temperature profile was achieved. In the CFX simulations, volumetric heat
source model was used which doesndot take the
results é the paper showed that the maximum smoke temperature achieved in the fire
room is approximately 400 K in 24 min from start of combustibhe CFX

simulations alse@aptured flame tilt in the flow direction.
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CHAPTER 1lI

EXPERIMENTAL SETUP A ND METHOD S

The scaled modelsed in this study wasonstructed based on Froustaling The
modelrepresents a bored underground metro tunnel in Istanbul, Turkeyedltszale
tunnel has a diameter of 5.2 m and cresstional area of 20.75%f25,26]. The cross
section of model is composed of a rectangular base madched roaf Figure3.1
shows the schematics of the real tunnel and modskcsection. The model $m
long, 0.4 mwide andthe height is 0.36 mThe structure is made of steel and is
insulated on the outside using rock wool of 0.05 m thickn€ksre is a2.5 m
Aupstream sectiono wher e tHehiriow. Teetnexali5g ht e n ¢
m i s defined as the fAcombusti onhere@aeed wh
openings on both sidesbiiscombustiorzone with one providing access to the inside
of tunnel for placement of fuel and the other aslaservaibon paneThe remaining 5
m was ter med 0ddheaiBotv wassupplied gy antaxiabcorpressor
which takes in the air at laboratory temperatuvhich is for the most part, atvst
constant throughout the experiment seaso@ 4 M2

The entance of the tunnabasconnected to a plenum thaasused tadamperthe
airflow from the compressoihe incoming air pasddehrough the flow straightener
in the entrance compartment of tunnel. Figur2 shows the experimental setup.
Airflow velocity was measurednd its uniformityensured byotwire anemometer in
both downstream of the flow straightener and ircthrabustion zone, upstream of fire
The measurements were conducted at 5 cm height intervals at the center of the tunnel
cross section byraversing anemometer probe. The readings of anemometer were
obtained with 0.2 Hz frequency over 600 s period while the compressor was operated
at a specified speed to maintain ventilation range between 0.5 and 2.5 m/s. The

maximumnontuniformity of airflow was found to baround5 %.
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3.1 Instruments

3.1.1 Gastemperature

K-type thermocouplewith wire diameterof 0.5 mmwereimplemented along the
model tunneto measure the gas temperatltigure3.3shows thermocouplend tree
configuration and dimensiongor ease of data logging and savinggrtmocouple
location, connection series number and distance from ceilarg designated using
indicators. For instancd,U200/30 meanshermocouple is in the upstream section
connected to port number 200 andis30 cm distance from ceilingpart from the
tree configuations shown separatelyther thermocoupleserefixed 4 cm below the
ceiling to measure smoke layer temperature. ThermocowpledNickel and Nickel
Chromium alloy anatould measure temperaturap to1200A C  w retadabilityof
N2.2AC.

TD400 TD200 TC500 TC300 TC100 TU100
TD500 TD300 L TCTree TC400 TC200 TU200/4
1l

® O] ® ®

25 25 25 2 25 25 70 <=
G <2
TU200/22 <
<2

<2

30 30 30 30 25

® TU200/30

®-0-0-0-®

——1

Downstream Section Combustion Section Upstream Section

Figure 3.3. Thermocouple configuration along the tunnel (dimensions are in cm)
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Temperature data weleggedusing anOmega OMBDAQ-3005 data acquisition
systemwith an expansion module connected to a compuiére data equisition
system was grounded using a wire connecting the device to a pipeline as suggested by
the instrument manuaDaqView software was used tecord the data with a 1 Hz

frequency over theourse of experiments. The temperature data acquisition pack can
be seen in figure 3.4.

Figure 3.4. Data acquisition pack witbonnectedhermocouple

Figure 3.5 shows a typical temporal history for recorded tunnel céimperature
duringexperimentsAs can be seegastemperatures started to rise after a short period
of time and almost reached a steady value during the steady state burning fitgse of
and decreased in fire decay per{atso refer to figure 2.2Enough time was allowed

before the fire tests according to the thermocouple response times to ensure accurate
quasisteady temperature measurements.
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Figure 3.5. Typical temporal evolution of ceiling temperature
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3.1.2 Burning rate

Mass loss histories during experiments were measured Aéiiy GX-K and
RADWAG 25-R2load cells withinternal stability feature andraadability of 0.1 @t
asampling frequency of 5 Hz. Air tightness around the balamessnsured to avoid
draft effect on deviceg.he balances were connectecttomputer and measurements

were recorded using specific software for each device. The devices can be seen in

figure 3.6.

Figure 3.6. A&D GX-K and RADWAG APPR.2 precision load cells

The derivative of mass loss history was used to obtain the mass loss rates. The
burning rates of the fuel walsen defined as the mass loss rate per unit area of the pool
as in equation (3.1and (3.2) The burning rates could be reproduced to within
N 0 .1B00002kg/n?s.Figure 3.7 showa typical masand burning ratbistorytaken

from experiments.

/d

Burned

dm,, -m . +8m 8m m
S (—), =—2 L L* 2 and i :datascan numb (3.2

dt 12Dt
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Figure 3.7. Typical masshistory and calculatedburning ratecurvestaken from
experiments

3.1.3 Speciesconcentration

Species concentration dat@asused to estimate the chemi¢#RR of the fire due
to oxygen consumption calorimetry method discussed in section Zt&®ZXlue gas
analyzer probe used in the experiments aTESTO 356S with &, CO andCO»

modules as well aemperature and presswauges, whickvasmounted downstream
of the fire The devicdas shownin figure 38.
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Figure 3.8. TESTO350-S gas analyzer

3.1.4 Radiative heatflux

In order to measure radiative heat flux to upstream of the fire source garing
one of theexperimentsHUKSEFLUX SBG-01 water cooled heat flux sensor was
mountedn thetunnelattwo different orientationsThe devicas shownin figure 39.
Water coolingvasmaintained as prescribed by device operation guadensurehat

errors relatetlb conductive heat transfer on the semseasurementsereminimized

(! | L

o ,
[\ [
4 41,40 —

Figure 3.9. Hukseflux SBGO1 radiative heat flux sensor

3.1.5 Visualization
Flame images were captured using a high spastera withEthernetconnectivity

and a NikorcameraTheimageswere used in some of the experiments to investigate

flame tilting and interactionisetween flames in case of dual pool fire cases.
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3.2 Pool fires

Liquid pools as a fire sourcareone of the mostommonly usednethodsin the
literature to simulate fire scenarios of different magnitude®,47,48,60] The
frequency of their use isu@ to th@ easier handling and alsle fact that liquid fuel
spillage isalsoone of thecause®f tunnel fireg1]. A vast range of liquid fuels have
been used as the pool fire source irrditere such as heptnethanol an®iesel fuel
among othersPool fire research has been around for decades, with pioneering work
by Blinov and Khudiakoy61] and Rasbas}®2] followed by more recent experimental
studies on combustion and burning properties of pool fires that classify different
phenomenon associated kwihydrocarbon fel, pool type,pool size, heat transfer
regime and flame characterist[68i 66]. An informative summary of relevant studies
IS given in[67]. There arevariousphysicaland chemicaphenomena taking piang
during pool fire includingconductive, convective and radiatiheat transfer, fuel
heating andevaporatiorand diffusion ofspecies anflame whichall make study of
the pool fires even more compleXnalysis by Hottel indicated that generally
speaking, there are two distinct regimes associatigd pool fires; a radiation
dominated burning regimér large poolsand a convectively dominateshe for
smalker pool fires[64].

Studies suggest thatt small pool diameters, i.e. 0.1 m, twnduction effectare
moredominant Between diameters of 0.1 a@d m the effects of conductiaeacha
minimumandmass transfer is dominated by convective heat transfer from the flame.
At larger diameters due tocreasing flame radiatigrihe effect of convective heat
transfer also decreasésnally, a maximum burning raie reached for largenough
pools due taadiation blockage at the center of the pf8i]. Figure 310 shows the
major heat transfer regimes in a typical pool fifeere is ausually an evaporation
layer wherduel temperature iatits boiling point.Below this layeia preheating layer
existswhere fuel temperature variesponentially and below that, the fuel temperature

is almost constant
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Figure 3.10. Main heat transfer regimes in a pool fié8]

In this study square poal were used due to their easier constructiorand
maintenanceConsidering the widtlof the model tunnel which is 40 cnhrée pan
sizeswereusedhaving inner edge length of 105 and 31cm. keepng in mind the
geometry of the pandje inner edge lengttan be defineds theside length inside the
square fuel tray, which has an approate wall thickness @ mm This pus them
into small (10 cm), medium (15 cm) and medium/lardedi®) categories considering
definitions byHottel and Ditch, adding versatility to the ranges of the experiments in
the researc[64,67]. In terms of the flow regime, according to Drysd&®], the pool
sizes in this study can be categorized wur
however, due to the confined conditions of the tunnel elsagexistence of airfloy
the pool fire combustioof this studycan be considered as turbulefihe pool fires
were burned ineither single odual (in part twoof experimentspool orientations
placed centrién the combustion zoredong the longitudinal axis déinnel The inner
height of the steel pool vess&asapproximately2 cmfor 10 and 15 cmgwols and 1
cm for 31cm pool Thermal conductivity of the vessghsapproximate@ds50 W/m.K
at 20AC a msl7.85 g/csl. Hdaeloss through the bottom side of the vessels
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were minimized using insulation. The fuel lewalsnot kept constant during these
experimentsthus,the lip height(freeboard heightyaried according to the amount of
initial fuel layer(i.e. pool depth. Ethanol wasised as the fire source throughout the

experiments with thermegshysical properties given in talsel.

Table 3.1. Ethanolfuel properties

Molar mass Density | Boiling point | Specificheat co|_r:1ebauts(:ifon
(g/mol) (g/cm?) (AC) (J/mol.K) (kJ/mol)
46.07 0.79 78.4 112.4 1365

3.3 Experiment procedure and selection of parameters

The experiments were designed and conducted after carefully examining the
corresponding literature and identifying the gaps. Experiments were more or less
conducted in similar ambient conditions during the two consecutilae
springsummer periodsDue to the nature of the experiments, the airflow supply
properties andeat transfer from tunnel structure to surrounding could become an
important factor affecting repeatability of the results. However, since the airflow was
supplied from the compressglaced indoors, making it less prone to outside
conditions, and the tunnel was properly insulated, it believed that such effects
would not beconsiderable. Thexperimentswere conductedat leasttwo times
Randomly selected experiments were perfortheeketimes.The results foHRR and
burning rates were then given based on the average fronegbatedexperiments.
Liquid fuel storage, preparation and use in the tunnel was carbanigiedto avoid
unwanted disturbanceBefore the pool fire experiemts a warm up test was done
with someamount of fuel to ensure uniform pan and tuna@bienttemperature

conditions in thesucceedingexperiments.The pan temperature for instance, was
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monitored during the consecutive experimargsg a pyrometetn this section, the
experiment design parameters as well as variables are discussed for each part of the
researchThe limitations that were imposed to different parts of the experiments are

also discussed.

3.3.1 Effect of tunnel wall coating material

Radiationfrom compartment fires is among the topics for which only a limited
number of work is available in the literatuf@esides, fire spread due to thermal
radiation to the upstream is also known to be a safety hazard in tuhcadsding to
NFPA standards, ththresholdwater saturated temperature hunmaspiratory tract
burnout is6 0 Aa@ radiative heat flux with maximuof 30 minexposure for skin
burnsis 2.5 kW/n? [7]. As discussed in section 2.4simultaneous effects of tunnel
wall coating type and pool depth variations on the radiative loss from the
ventilated pool fire as well as the burning characteristm®investigatedas the first
part of the researcteEthanolwasused as the pool fuel due to its reoting flane
characteristics which reducdide complexity of interpreting theesults of measured
radiation fluxes.Figure 3.11 shows themodified experimental setupsed in these

experimentsThe wsrhole length of the model is not depicted in this figure.

Absorptive/Reflective material

Tap water

- 1.50 m ———————»

Upstream <

Figure 3.11. Modified experimental setugue to wall coating tests
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In order to evaluate the effect of wall coating, two types of isolation material having
oppositeemissivity characteristics were applied to the combustion zone as seen in
figure 3.11.A highly emissive blackpainted anodized aluminum coating with an
emissivity ofapproximatelyd = 0.85and a highly polished steel witkflectivity of |
= 0.9at 300 Kwereused. Grey diffusive opaque surfagas approximated for the
coating materialsTable 3.2lists theparameters and variablésr these series of
experimentsThe pool sizes used in this study span the range of small to medium/large
pool fires as discussed in section 3.2. In this part of the experiments, since the effect
of upstream radiation wae be analyzed, the large pan was used. The ventilation
velocity was varied between 0 up to 2.5 m/s, which was selected as the upper limit for
longitudinal ventilation during the experiments of this study firstly due to intense
turbulence induced at velities higher than 2.5 mighich start to affect the mass loss
rate readings and secondly due to the fact that this value corresponds to approximately
8.9 m/s in the real scale tunnel which is above the common average longitudinal
ventilation velocity. Thencrement interval of ventilation velocity was because of
difficulty in establishing the desired airflow velocity from the providing compressor
which operated at a fixed range of spedtsl depth was varied between 0.1 and 0.3
cm. This range of poalepth putthe pool firepartly in the spill fireor thin-layered
pool fire category, for which limited dataasavailable in the literature.

Themaximum pool depth (measured from pan bottom to fuel surface) was 0.3 cm
corresponding tapproximately300 mlof fuel. The reason for selection of this range
wasto 1) comparedifferent behavioof thin layered pool fir) minimize fuel usage
due to large pan size in this part of the experiment since increased pool depth case
studies would also be investigatadother sections of the research and 3) due to the
geometry of the pan, tredfect offreeboard heightvas thought not to be significant at
this pool depth range (less than 1 ciif)e radiative heat fluwasmeasured in the
upstream of fire using the wateooled radiometeihe two radiometer configurations
used in the experiments are shown in figur@.3The horizontal radiometer orientation

was flush with the fuel pan aiming to obtain a good view factor on the flame body.
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Table 3.2. Experiment variabledue totunnel wall coatingests

Poolsize [cm] 31

Pan inner height [cm] 1

Pool depth, D [cm] 0.1, 02, 03 (equal to 100, 20and 300 ml
Wall coating Ref |l ect i \Emissivg 0=9.83) .
Ventilation velocity [m/s] 0,05,1,15,25
Ventilatont e mper at ur 24 N2

In case of the vertical orientation, the avasto achieve a qualitative idea of the
effect of different wall coating by measuring the baa#liation which will be majorly

from the walls.

Horizontal Vertical
o v o -~

g s i 5cm b 2 - 5 cm

o e OJIW —_— BPm
:'9 ——eeeeen —— ey
wn 33cm 33¢cm

B
. 2 5cm

> 33cm o—ﬂ 33cm @

= e
=

Figure 3.12. Horizontal and vertical radiometer orientationedisn wall coating
experiments

3.3.2 Adjacent pool fires

In an attempt to addresgfect of interacting confined pool fires on their burning

rates, a series of experiments were conducted with varying pool size, depth and airflow
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velocities.Schematics of the combustion zarel the pool orientations in this part of

the experimentss shownin figure 3.8 with the arrow showing the ventilation
direction.Details regarding experiment variables shown in this figure as well as other
test conditims are given in table 3.8ue to physical restrictions imposed by tunnel
width, only 10 and 15 cm pool sizes were used in single or dual pool configurations as
seen in figure 3.13The poolswereassigned as P1 and P2 in dual pool fire tests and
rim edges of pools are flush with each otAdgre maximumventilation velocity was
limited to 1.5 nYs in these series of experiments duatense turbulence inducéy

secondary fire which affectetie balance readings at higher ventilation velocities

150.0 cm
| W
L|| P1
S[ <+—
T : Ll | P2
op view Y
: . L
Side view —_—
=

Load cells

Figure 3.13. Model cross section and pool orientation in the combustion zone

Considering the pool sizes and geometnytjal fuel massof 40 g and 80 gwas
used for 10 cm pool cases which corresporide@l5 and 1 cnpool depth. As for the
15 cm pool cases, 40, 80 and 178 g fuel was wééch corresponded to an extended

0.22, 0.45and 1 cmpool depthrange Affected by tunnel width and pool g, the
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separation distance wasried betweed anda maximum value d cm for the 10 cm
pool and wakeptcondant at 4 cm for 15 cm poolSeparation distance below 4 cm
was not considered since the induced flame from the adjacent pool resulted in unstable

balance readingdirflow humidity was around 0 Nthroughout the experiments.

Table 3.3. Experiment variabledue tomultiple pool fire experiments

Pool dimension, L [cm] 10 andl15

Initial fuel mass [g] 40, 80 andL78

Il nitial fuel temperat/24N2

Pool depth, D [cm] 0.22-1

Airflow velocity [m/s] 0,0.5,1and.5
Pool separationdistance, S [cm] 4 and 8
Poolwall distance, W [cm] 3-8

Airflow temper at ur e [ UC] 24N2

3.3.3 Effect of tunnel blockage

The effect of obscured flow on changes of critical ventilation velocity, HRR and
tunnel ceiling temperatune case of blocked tunnel fiwere investigatedh these
series of experimentFable 3.4showsthe experimental variables famnel blockage
experimentsBY this point in the experiments, the effect of pool size and pool depth
on burning characterisgsoof fire had been investigated and due to this reason16nly
cm pool fireswvere usedn the blocked fire and tunnel inclination tests in section 3.3.4.
Also it should be noted that as discussed earlier, the 15 cm pan falls in the medium
pool size categy which isless dependent on a dominant heat transfer reffiifie
The pool depth was fixed at an average value of 0.45 cm deducted from previous
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experiments and the ventilation velocity ranged as in section 3.3.2. The blockage fire
separation distance was defined as the ¢d@gelge length from the mock up at the
upstream to the inside edge of the pan rim (fire). It was believed that at increased
separation distance, the effect of the blockagethe burning ratewould decrease

[24]. Also, again due to physical restrictions of the tunnel, the length of the upstream
section of tunnel between the entrance and combustion zone is limited which confines
the movability of the mock up furth@pstream due to possible effects on the entering

flow (especially in case of metro mock up).

Table 3.4. Experiment variabledue totunnel blockage tests

Pool size, L(cm) 15
Pool depth D (cm) 045
Ventilation velocity (m/s) 0,0.5,1,and.5

Blockagefire distance, S(cm) | 5, 15 and 30

L/S 3,1and 0.5

No Blockage 0(L/S =0)
Car mockup 30x15x 12
Subway car mockip 70 x 30 x 24

Blockage dimensions,
L1 xL2x L3 (cm)

No blockage 0(L/S=0)
A
B _
Car mockup A =14
Blockage ratio (%) !
A

Metro wagon mocikup A
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Thus, a maximum separation distance of 30 cm was used in the experiments. The
factor L/S was also defined as the ratio of pool size (15 cm) to the blockage fire
separation distance (S) which varied between 0 for no blockage case and 3 for the case
of 5 cm separation distancén order to simplify the production of mock ups,
rectangularobstrudion in form of atypical road sedan calimensionsanda metro
wagonwere constructed using metal sheets and placed upstream of pool fires at
varying separation distances. Figure 3.14 shows the modified experimental setup, i.e.

the combustion zone, used throughout this part of the experiments.

L3

L S
L/ a V),

T 11
y
-

Load cell

Figure 3.14. Schematics afhodified combustion zone at tunfdbckageexperiments

3.3.4 Effect of tunnel inclination

The effect of uphill and downhill inclination on smoke movement, backlayering
length, critical ventilation velocity, and gas temperature distribution was investigated
by generatinglopes up to 6 according to table 3.¥entilation velocity to the tunnel
was variedfrom quiescent condition up tb.5 m/s.The pool depth was fixed at an

average value of 0.45 cm and the ventilation velocity ranged as in sections 3.3.2 and
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3.3.3, albeit, with refined increments@®5 m/go better capture smoke movement at

different ventilation velocities due to inclination effect of tunnel.

Table 3.5. Experiment variabledue to inclination tests

Pool size, L (cm) 15

Pool depth, D (cm) 0.45

Ventilation velocity (m/s) 0,0.5,1,and 1.5

Inclination grade (%) o, N3, +6

Inclination angle (deg) o, N1.72, +3.43

Schematics of the experimental setup can be seen in figlxeSBek| supportaere
used to hold the tunnel model while the tunnel grade was adjustedauifhgfor
downhill inclination)and a cranéor uphill inclination)mountedon the modetiuring
the experiments. Due to physical restricticansnaximum of +6 % grade was applied
in the uphill (positive) inclination case study while thegativeslopeswere oy

performed at3 %.

itf— | 50 M -t 1.50 M e—
|  Inclinometer |

—— TR \
Gsiaia Support
L] Lift

Figure 3.15. Modified model for tunnel inclination experiments
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3.3.5 Uncertainty of calculations

TheHRRs and burning rates of different fire scenaimegstigated within the range
of this researckvere calculatebased on measured oxygen depletion vahgesrding
to equations (2.11) and (2.12nd derivation of the mass loss histagcording to
equations (3.1) and (3.2) based lmad cell measurementsrespectively.Such
experimental measurements are prone to an uncertainty duéndocuracy of
equipment, random variationmeasured quantitieand approximations which reflect
in a combinedincertaintyof the final resul{70]. The following equation is suggested
for calculation of thefi b eestitmateuncertaintyp of R which is a function ofn

measured variables, X2, €x,as blow[70].

2
n e MR 2.,

We=(A4 _eW — o R =F(X, %, X) (3.3)
é KX a
in whichw, is the uncertainty estimate of measured variabequation (3.4) gives

the combined relative uncertainty as a function of estimate unceifaiity

2
. n ex uR [} w
Ue = (@ e U 0 = (34)
eRux g R

3.3.5.1 Uncertainty of burning rate calculations

Due to inherent measurement uncertainties in their calculations, it is good practice
to calculate the uncertainty related to the RHBnd burning rates reported in the
researchThe burning rate is a function of mass loss rate and poolfi@a equation

(3.1),with slight modification of scan number notimne can write;
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dm, / dt m,- m
mi i

= =f , A | 35
A (DO)(A ¢ m, boor) (35)

Burned pool)

Critical operating conditions were selected based on the previous discussions in this
section regarding the pool depth and ventilation velocity. In doininsiting cases
of 31 cm pool fire with 0.1 cm pool depth at 2.5 m/s ventilation velocityl@hdm
dual pool fire case with 1 cm podépth atl.5 m/s ventilation velocity wergelected
andthe fuel mass data from thguaststeady state burninghase therefresh rate of
the balance and the resolution of rtde@reusedderivethe relative uncertaintie$he
maximumrefresh rate of théoad cell used in the studyas 10 Hz The relative
uncertainties of measured pagurface area for the 31 and 10 cm psiakes were
estimated to be 8.% and0.7 % respectively considering the probable measurement
error of the ruler§0.5 mm) and by applying equation (3.4). The relative uncertainty
of the time interval was calculated basedtlom sampling rate of the measments.
Table 3.6 gives the calculated relative and combined uncertainties for burning rate

calculations. Maximum combined uncertainty was found to.5éol

Table 3.6. Relative and combineduncertainties associated with burning rate
measurements

1 cm pool depth 0.1 cm pool depth
Mass (g) u, u,, Mass (g) U U,
m, 47N0.2 | N 042 64.1N0.2 | N 031 (
- - 0.015 - - 0.008
m,, 27N0.2 | N 074 40.8N0.2| N 05

The combineduncertaintyfor burning ratecalculations givenn table 3.6 was
calculatedas a function of relative uncertainty of measured net mass, time interval and

pool aredrom equatios (3.4 and (3.5) as;
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. .\ +_Ae ml1uA )l/2i (3.6)
m

in which the relative uncertainty of mass variation in the stestale interval was

calculated due to equation (3.7).

ém, u Dn
qu = 0(é -
gbm m,

+

B pnD B
u. —5 Uml ) g (37)

2

aocra®

3.3.5.2 Uncertainty of HRR measurements

The uncertainty of HRR measurements was calculated by applying the same
method as in section 3.3.5.1 using equations (3.3) and (3.4) to equations (2.11) and
(2.12). From these equations, HRR can be deducted as a function of several variables
and combustioonstants. In order to simplify the calculation of the derivative terms
in the estimated uncertainty equationghe relative uncertainties bieat release of

combusion per unit volume of oxygen and CO, i.e. thee termsx ?, (assumed
constant) andx », terms were neglected. THRR can then be written as a function

of oxygen concentration and the volumetric flow rate whereas the oxygen depletion
factor is substituted by a simpéfi term as a function of measured oxygen

concentration as seen in equation (3.8).

Q= f(ELE FiV,, X0, X5, X2,)- Q° f(V, X)) (3.9
f= f(ng,XOAZ,XgOZ,XCAOZ, Xf:o’ X?:o' XDHzo) - oK XAQ) .

This assumption is valid as documented elsewhere, which states that the
uncertainty of oxygen measurement is the dominant factor in calculation of expanded
uncertainty for the HRR according to oxygen consumption calorimetry mgt2ad

With that in mind, the combined uncertainty for the heat release rate was calculated
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according to equations (3.9pby reglecting the effect of CO, CO2 and H20
concentrations which was assumed to be a correct assumption given the data in the

literature[72,73] The estimated uncertainty for volumetric airflow rate was 5 %.

. . 2 N A ) p
u °(ev_‘\—HQ u oo EX% = u g "
é j u g
ToeQumv, Mg g Q Ko Ty
é . 4 (3.9)
N 2 ) 2 A - : |
?Xco HQ u ?)“2 a o —A£U~ ’? ‘zxoz e u 3)1/2
é x A xlo u A YA SRR
&6 Q BXg u eQ M. " a g Q M, 4

in which the uo / X o derivative term was calculated by below assumption for

oxygen depletion factor;

fo % "o (3.10)

: € o B 0 0 A 0 u
THQ ¢ on' Xo aEi-i E' & on X02Xo2 C?(:O liJ:"XO
1 - S o A ® . % Oy A oo,
TLIVA éX°2 XOZX02 c Ei - 2 (:):on 4 1l
; . &® 6 N .
1 8 G + H ( )
|
T 0 o A éEl_l E' o
0 Elxosz(on' D(Xcoe . g 2)
. HQ ¢ Ei +
! A o A 2
Tuxoz 2on(1 -Xo2)

Critical operating conditions were selected as the minimum and maximum limits of
HRR achieved throughout the experiments, which corresponded to maximum and
minimum oxygen concentration in the equations. Table 3.7 gives the calculated

relative and combinedncertainties for HRR calculations. The accuracies regarding
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mole fraction measurements were taken from the producer catalogue of flue gas
analyzer device and other parameters were plugged in from measured data
corresponding to the maximum HRR obtainethmselected experiments to equations
(3.11) and (3.9). Results indicated that the maximum contribution to the combined
uncertainty was more than 80 % due to oxygen measurement (second term on the RHS
of equation (3.9) and to a much lesser degree duedertamty corresponding to
airflow measurement. Also it was seen that the expanded uncertainty tends to increase
at lower HRR values associated with lower oxygen depletion factor which was in
agreement with the literatuf@2]. According to the results, the average estimated
combined unceainty of the experiments was %6 which tends to decreaseda! %

at increased HRR values.

Table 3.7. Relative and combined uncertainties associated with HRR measurements

Case 1: HRR = 7 kW Case 2: HRR = 85 kW
uxc’?z Ys uxc’?z Us
0.0065 0.226 0.0063 0.094
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CHAPTER IV

NUMERICAL MODEL

Numerical simulations using a model developed based on the FDS code
acconpanied parts of the experimenthe FDSis a Fortran based model tistives
a form of the NavieStokes equations appropriate for lspeed, thermalbgriven
flow using a finite difference solvavith an emphasis on smoke and hgahsport
from fires developed by National Institute of Stamidaand TechnologfNIST) [15].
The general proceduror simulation ofatest casen FDSwasas follows; Aninput
file wasgenerated thatontainednformation about theneshsize and dimensionthe
geometryof the domainmaterialpropertiesambientconditions, combustion model,
solver typeand desired output dat@he materialsfor instanceweredefined by their
thermosphysical properties such as conductivitgpecific heat, and burning
characteristicsThe input filewasthen readafter initiation of the=DS solver Solver
parametersvere also assigned prior to run. After obtaining the results, output files
were posfprocessed usin@mokeViewsoftware.In this chaptera review of this
model andhe correspondingonservéon equationsare discussed which are generally
based on FDS user guide and technical refergaickedocumentg$15,74]

4.1.1 Fundamental governing equations

The conservation equations for mass, momentum and eeengpyed in FDS are
summarized agiven in equations (4.1) throud#.4) with the assumption the fluid is
treated as perfect gamd stresg74]. It should be noted that these fundamental
equations are practically similar to their counterparts used in other CFD models with
specific approximation and simplifications appliext@rding to the type of problem

and the code.
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The mass conservation equatiorgeneral fornis as follows

Y aru mj (4.1)
ut

And in terms of mass fractions for individual gas speejesit can be rewritten

as

S(rv)+ B Nu =0 D, ) i (4.2
ut

The momentum and energy equatians as follows

i(ru)+ B(uu) +® = i+ 4 4.3
pt

Erhy+ o mu 2P i i o 4P g- ibi (44
pt Dt

in which the bold quantities represent vectors and the stress tensam three
dimensional formf, is the external force vector excluding gravitational foregsis
the volumetric heat release ratee to chemical reactions, is the energy flux to

evaporating fuel droplets; represents the radiative and conductieat flux vector

ande is the energy dissipation factor duevtscosity of the fluid which isnodelled in

FDS agn equation(4.5)with s asthe strain tensor angasthe dynamic viscositpf

fluid;

et (. = (@S, .S 3( ®°) (4.5)
3
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This is a crucial part in distinguishing between different CFD codes asnbegi
this term differentlySimulation of turbulent flows by numerically solving the Navier
Stokes equations requires resolving a very wide range of timkeagth scaleshat
can be achievedvia Direct Numerical Simulation (DNS). HoweveDNS is
computationallyheavy and impractical iengineering systems with complggometry
or flow configurations. This has led to development of alternative turbulence snodel
such as the-kepsilon or komega models that include additional transport equations to
represent the turbulence properties of the flow by satisfying the momentum equation
closure. These models have the advantageswhplicity and cost effectiveness.
However, due to the fact that the root of these modais from timeaveraged
approximatiorof the conservation equations of fluidrdymicsand would not be able
to account for the evolution of largeldy structures characteristic of fire plumes and
the transent nature of it, theiapplication to firesimulationsare limited[75]. LES
technique on the other hands a viable alternative to the computation heavy DNS
methals andcould be appliedto model the turbulence ifire applicationsIn aLES
model,the larger eddies which account for most of the mixing process are calculated
on the numerical gridvhile the smaller scaled eddies are modelled usirggrid
closuremodels Therefore, he equations foLES are derived by applying fdter,

parameterized by a width, to the mass, momentum and energy equadodssolved

for the large eddiedFor instance, the filtered density for a cell of widthin one

dimension is as equatiqi.6) below.

x+ D2

r‘(x,t):i A /r.t)ydr (4.6
D

In default modeFDS uses thesmagorinskysubgrid closurenodelto account for

the thermophysical and transport parameters, such as visdnsdyuation (4.5)

thermal conductivity and diffusivityn modelling of the smaller eddiess follows:
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LES

Mes = AC,D°(2S,S, %( ) (4.7)

L esC P

K .= m—,(r D) s (4.8)
S

ILLES

in whichc  is an empirical constardet to a default value in FDS to provide

numerical stabilityp is the length on the order of the grid size and turbulent Prandtl
and Schmidt number are constants defined in the FDS for a fire modeling scenario.
The equations givehe subgrid values for dissipative terms as a function of the
computedresolved quantities (denoted with bars above the quaniigeghestrain

termg to be used inclosure ofthe momentumtransport equatianAll spatial
derivativesin the governing edtions are approximated by seccodder finite
differences and the flow variables arearchedin time by utilization of fexplicit
secondorder predictorcorrector schenmewhich isa well-knownmethod inthe CFD

and numerical research communitetails of this updating method along with the
details of decomposition of governing equations in the numerical model can be found
elsewherg74,76].

4.1.2 The ombustion model

Two types ofcombustion models can be applied in FDS. In default mode, FDS uses
mixture fractionmodel.which will be discussed in this section, and a more detailed
model whichaccounts for individual gas species reaction according to specified
Arrhenius reaction parasters only available im DNS simulationIn combustion
appl i c adamixturefsactioniista conserved quantity traditionally defined as the
(mass) fraction of the gas mixture that originatethe fuel streamand is a function

of space and time, denoted byx, t) [74]. The rate of the infinitely fast reactions of

species in a given grid cell are determined by a characteristic mixing time. If the

reation between fuel and oxidizer can be assurfesi and complete, then the
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combustion can be called fimixing control
included in the reaction can be represented by the mixture fratghnin a simple

form, can be calculated through utiliziagsingle transport equatidar the mixture
fraction.In order to reduce computational time on solving species transport equations,
FDS limits the number odpecies This simplified approach usually involves six gas
species of fuel, & CO, H20, CO and M plus particulatenatter Considering the

singlestep reaction of fel and oxidizer as equation (38elow;

CxHyOzNaMb+n0202 - ncozcoz + onHzo +c/3CO + &

s (4.9
+n,,N, +n, M

N2 2
in which S is the soot which is assumed a mixture of carbon and hydrogen, M is the
additional producspecies lumped into a single termmandn ., arethestoichiometric

coefficiens of sootand CQOcalculated based on default values given in the FDS model

for the sooand COyield. The mixture fraction cathenbe defined as equation (4)10

MW MW MW
z=vY, + Y Y, t——Y, +—=, (4.10
XMW_ XM W,

which satisfies the conservation equation;

rzz D = (4.12)
Dt

The mixture fraction (Z) is then decomposed in two partitionbelsw such that
the sum would be equal to (4h this model, the fuel is a single gas species, and air
and products are assumed as lumped species having a single set of transport properties
(Z2).
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o oMw MW, MW, (4.12
Zz - Ycoz ) Yco ) Ys
XMW, XMW, 4 XM W

Transport equations are then solved for Z components separately and as the ultimate
result, the mass fraction of species present in the combastdhen recovereak a
functionof these components (i.e.(z,, z,) ) by matrix manipulatiorafter each time
step[74]. The HRR of fire is the calculated basedrate of the fuel consumption in
each grid cell obtained directly from the solution of the mixture fractiorafd)the
heat of combustion of the fuélso, in a more simplified method, tiHRR of the fire
known from experimental measurements or estimated through empirical forsnula
directly input to the codeThe transport equation for each of the lumped species

z, and z, has the same form aguation (4L3).

i(rza)+ B(rZ,a) =0 D, D) miimt (4.13)
ut

in whichz  is the species mass fractjer iis the production rate of species by
evaporating droplets or particleBhe diffusion coefficientsH ) of implicit species

are chose sothat the sum of diffusive fluxgs rp, 8z ,) is zero The codeadvancs

the flow velocity in timeby estimatinghe thermodynamic variables at the next time
step, comptingthe dvergenceerm, and therby solvingan equation for the pressure
ensureghe divergence of the updated velocity is identical to that computed from the

thermodynamic variables.
4.1.2 Radiative transport equation

Theradiative transport equation for a nscattering medium idefinedin FDS as
in equaton (4.14) [74].
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sDI, (x,9) =k(x N[, (x 1 ,(x9] (4.14)

in whichi, (x) is the source term due to Plank equagéisa fraction of the blackbody
radiationt, (x, s) is the radiation intensity at wavelengttfor whichsis the direction
vector andk (x, /) is the local absorption coefficier@ince in practice he spectr al
dependence cannot Belved accurate|ythe radiationspectrumin FDS solutions is
divided into a relatively small number of bands and a sepaadiative transport
equationis derived for each bandélso, due tosootbeing themost importansource
of thermal radiation ifire, andthe fact thatradiation spetrum of soot is continuous,
thegray mediumassumption can stan@ihe spectral dependencan then béumped

into oneabsorption coefficient and the source tarnx) will be calculated by equation

(4.15).

L) =sT )7 p (4.19

In aFDSsimulation the absorption coefficient is calculated based on tabulated data
as afunction of mixture fraction and temperatulecalculations where mesh cells are
in order of a centimeters or largéne temperature near the flame surface cannot be
approximatedso the urce term is modeled asspecified fraction of the energy
generatedXrad) Which isassumed tde emitted as thermal radiatiobhis value is
estimated in the model accordito thedata in the literatureln the aitside the flame
region,there is more comdence in the temperature fieltgtsource terrmancomputed
according teequation (4.1p

4.1.2 Numerical grid

The FDS calculationsare performed withina rectilinear mesh domaiihis is a

limitation posed by the FDS code which requires the input mesh to be structured.
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However, t is possibé to run a simulation based on multiple mesheBDS with
different grid sizegach assigned to a separate CRUhis work, he computatiorla
grid was constructed according to the geometry of the tunnel médel.domain
accountedor 6 m of the length of the tunneihcluding upstream, combustion zone
and a part of downstream secti@s,modelingthe rest of the domstream was not
relevant torequired results and also helped save computational Tineeroof of the
constructed tunnel erch typevhich was simulated in the numerical model using solid
blocks. The meskwas consisted othreeresolutionsconsidering the computational
intensity ofsimulations The mesh size was calculated based on chastateliameter

of fire using equation (46).

(4.16)

A value of o’ divided by cell size ranging from 4 to ¥&s suggested in the FDS
guides to be adequatéor the LES solver as well as fine enoughcapturefire
dynamics[74]. In order to test the mesh sensitivity of the model, two types of mesh
resolutionswith cell szes within the limits of4<p” /dx <t6 were generated which
differentiated in the grid sizes for the combustion section.aWeeagegrid sizes for
both mesles were approximatelyt cm in x, y and z directions the downstream
sectionand 2 cm in the upstreanihe cell size for thecombustion zonaectionin
i me s hvas 1l amwhile the same valutor A me 20hvas a refined.5 in spatial
directions Therefore lhe total number of cells for mestwhs285,120 and2,049,000
for mesh 2. Fjure 4.1 compares thdRR values obtained by experiments and
simulation resultsisingmesh 1 and meshf@r a sampldest casérom experiments at

0.1 and 0.2 cnethanolpool depth at different ventilation velocities
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Figure 4.1. HRR comparison between experiments and numerical simulations using
different mesh sizes

Given the fact that the results of simulations did shaw considerableariation
baraslight decrease in over prediction of HRR from F28as decided to use mesh
1 in the simulations which resulted in tilemensely improved rutimes, while still
taking 2025 hoursto complete in annitelcorei5 personal computer with sufficient
memory Figure 4.2shows the gricbased on mesh and assigned thermocouple
locations.There are some general limitations to the FDS code as following: (1) It is
only valid for low speed flow with an emphasis on smoke and heat transport from fires
which means tét it cannot be applied to model detonations and jet fires (2) The mesh
should be structured and rectilinear. Unstructured mesh cannot be used which limits
the geometry definition of model (3) The uncertainty of the model is higher when the
HRR is predictd rather than specifieas an input to the code, this was also observed
in the predicted results presented in this st(#yThe mixture fraction combustion
model assumes that combustion is mixing controlled, and that the reaction of fuel and

oxygen is ininitely fast which limits model predictions in under ventilated
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compartment fireand (5)The model is less reliable when modelling small pool fires
as opposed to large ones which limited the applicability of the model in heat release

rate predictions of@and 15 cm pool fires in this study as is reported in later chapters.

Figure 4.2. The numerical grid and thermocouple locations
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CHAPTER V

RESULTS AND DISCUSSION

In this chapter, the results pbol fire experimentson the reduced scale tunnel
modelare presentednd analyzednh separatgartsfor the casetsdies explained in
section 2.6Each setton is categorized into suedions in which an important control

parameters discussednd analyed

5.1 Effects oftunnel wall coating

In section5.1.], the effect of pool depth on the radiative h#akx and burning
characteristics othe 31 cmethanol pool fire are presented at different ventilation
velocitiesusing reflective tunnel wall coating. In sectidnl.2 the pool depthwas
maintained constant 8t2 cm(averageamong considered ca3esd effect otunnel
wall coating on upstreammermalradiation,HRR and temperature distributiomgere
investigatedThe eperimental conditions as well as design criteria were discussed in
section3.3.1 but detailarerepeated within this section for ease of access.

5.1.1 Effect of pool depthand ventilation velocity

Figures 5.1 and 5.2 shomeasured incident radiation as a function of pool depth
and ventilation velocity. The radiometefas horizontally oriented as described in
figure 3.10and the sensawasflush with the fuel pan lip. kvasseen that increasing
the ventilation velocityto the tunnel resulteth decreasing of the incident radiation
due tomorefire spread atilted angles. This trendasmore pronounced in case of 300

ml pool fire where prolonged quastieady burning phase of fughsassociated with
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longer combustion duratm The heat flux trend was proportional to pool depth in the
sense that, as the pool depth was increased, the combustion was steadier which was
reflected in the radiation curves of 200 ml and 300 ml pools. At ventilation velocities
above 1 m/s, the effecf pool depth became less dominant which was signified by
peak values occurring in range of 3&W/n? for 1.5 m/s and 2.5 m/s cases.
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Figure 5.1. Effect of pool depth on incident radiation upstream offfarg(a) 0.5 m/s
(b) 1 m/s(c) 1.5 m/s(d) 2.5 m/sventilation velocity

Flame tilting also approached a steady valueisipibint, as seen in figuee3where
images of ethanol flame kD cm leding edge (in flow direction) of pool fire are given

at 30 s after pool ignition.
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The camerased in the experiments captuBfiD frames per secoatidthe images
were selected randomly@tiring the quassteady state burning phase all test cases.
The main conclusiomasthat as the ventilation velocityasincreasd, thefire tilt
angle increaseas well as flame height decreas&tiiswasalso reflectedn the results
presented in figur&.2. The HRR flux (HRR per unit area of the poaind burning
rates of pool fire are given as a function of ventilation velocity antigepih infigure
5.4. Error bars are given for the measured values in terms of standard error calculated
based on repeated experimerissuming the pool fires heat transfer being more
dominated by the convection regime, under forced ventilation consliothis study,
it can be shown that tHaurning rates directly proportional to th&palding transfer
number and the airflow velocity as shown by equation (5.1) which is given by
Glassmar{77] as an exact solution to the forced convecbuening of liquid fuel

saturated over a flagiate.

1/2

cu In(1+ B
= b, ( )

1/2 0.15

B

(5.1)

mi §

in which C is a constant anithe Spalding number can is given[a8];

The Spalding number contains both environmental and fuel property factors.
According to théburning rateesults, there seems to always be a competition between
the enhancing effect of increased ventilation orbilning ratepromoting factors of
oxygen availability and mass transfer coefficient and the cooling effect of ventilation.
This shows itself in as an overall result of decreasgiming ratefor pool fire in1
m/s due to cooling effect dominating the pool fire costlmun. Increase of ventilation
velocity from 1 m/s to 15 m/s enhances thleurning rateby increasing the mass
transfer coefficient andoxygen availability (thus increasing thERR). This
description also justifies the burning rate behavior results im séwtion of the results

as well.The results indicate that the pool depth has a considenabdasingeffect on
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the heat loads wellas the burning ratehe maximum heat release rate tends to
occur at 1.5 m/s ventilation velocity except for 300 ndecavhich peaks at 2.5 m/s.
The numeri cal model 6s | imitations regarding
discrepancy of predicted burning rates compareddasurements, whickasseen in

this figure. The model predicted a constant increasing trend for the burning rates and
HRR with increasing pool depth and ventilation velocity. HRR predictions agreed
better with experimental measurements for 200 ml and 300 ml ethanol testlicases.
could be aid that the model ovaredictedthe burning rates due to thin pool depth
which was identified as a shortcoming of the FDS model. The best results were
obtained for 200 ml and 300 ml pool fire cases and low ventilation veloditeesild

besaid that the 100 ml pool cases were classified as Werlatyered spill fireswhich

showed a distinctive trend to increased ventilation.

(@) (b)
0.5 m/s 1 m/s
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Tunnel ceiling temperature distribution along the horizontal axis was recorded

during the experiments ancethesultsarepresented in figure 5&s a function of pool

depth and ventilation condition&esults indicated existence of a back layering flow

at 0.5 m/s case in which ceiling temperatures as high a8 20 e C wer e
upstream and combustion sections. The backlayering length egtemdt least 0.8 m

reached

upstream of combustion in this case. At 1 m/s, the critical ventilation velocity was

achieved for all cases as indicated by considerable gas temperature drop along the

tunnel. Increasing the ventilation velocity to 2.5 m/s result@tcieased fire tilt angle

and retarded smoke plume rising to the tunnel ceiling further downstream of fire. At 1

m/s and above, the maximum temperatures tend to occur further downstream of the

pool fire due to stretching of the flame. The model predictionsnaximum ceiling

temperature for limiting cases of ventilation (0.5 m/s and 2.5 m/s) also showed a good

agreement in trend and magnitude as seen in in the figure.
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5.1.2 Effect of tunnel wall coating material

Figure 5.6 shows the effect of wall coating type on the radiative heat flux in the
upstream of the pool fire. The radiometasvertically orientedn order to achieve
anenhanced view factor between the walls and radiometer. Using the highly emissive
blackpainted anodized wall coating resdta considerable decrease in the incident
radiative flux whichwasmore pronounced in the quiescent case (no ventilation) where
a 45 % drop could be measured. At increased ventilation velocities, the vgap
reduced due to increased fire spread to downstream. The amount of thermal radiation
exposure from tunnel fire is an important safety factor that needs to be considered.

6
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4 -

N -=-Emissive coating

0 0.44 |

0 0.5 1 1.5
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Radiative Heat Flux [kW/m*"2]

Figure 5.6. Effect of wall coating type on the radiative heat flux upstream of the pool

Effect of wall coating type on maximum temperature distribution along the tunnel
is shown on figure 3. Results indicated general increasing trend in the ceiling
temperature across different ventilation velocities for the case of emissive coating

material, especially in the combustion sectiibrwas also seen that coating type had
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no apparent effect on the critical ventitativelocity as both cases reached the critical

ventilation at 1 m/s.
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Figure 5.7. Effect of wall coating type on maximum ceiling temperature along the
tunnel axis for(a) reflective coating an¢b) emissive coating material
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Figure 5.8compares the total heat release from the pool fire normalized by unit
volume of the fuel (200 ml) which was abbreviated as Normalized Total Heat Released
(NTHR). The NTHR was calculated th@ne integral of HRR over period of
combustion. It could be seen that while using the emissive wall coating material, there
was a slight increase of heat release especially at 2.5 m/s ventilation velocity which
could be attributed to increased gas tempegainside the combustion section as

discussed in figure 5.6.
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Figure 5.8. Effect of wall coating type on NTHRO(2 an pool depth)

5.2 Adjacent pool fires
This part of experiments aimed contribute to the knowledge of hydrocarbon pool

fires in confinel conditions undeeffectof adjacent fire sourceés discussed before,

the topic was of special interest since there\ag few reports in the literature
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investigatingsuch a scenarimside confined spaces as well as it coveéhedpotential
safety issues associated wibcurrence of secondary fir@s tunnel fire accidents
The results ofurrentexperiments conducted with varying pool size, depth and airflow
velocities were used @ddress these issud$ie design criteria as well as experiment
specifications were given in section 3.3[Be burning rate of pool firas considered

as one of the most prominent parameterconsidering pertinent fire hazarfi®].
Interaction between multiple firrources may result in fire merging and significant
alterations of burning rate behavior and flame heat feedback to fuel sasfadso

shown in work by Wang et. §2].

5.2.1 Burning rate behavior

There are five distinct stages in development of batch pool [Be§8,79]that
occur in this order: (1) initial fire growth (2) quagteady burning with surface boiling
(3) transition phase (4) bulk boiling where bubbles form in the bulk of fuel with
increased flame height and (5) decay to extinct®indies show that under specific
conditions, duration of some of these phases might increase or decrease depending on
factors such as pool size, pool depth and fuel temperature. In some cases a fire merging
stage is also shown to ex{& R In this section, the burning rate characteristics of
confined ethangbool fire wasinvestigated as a function of pool depth, pool size and
interactions of dual poolés. Based on the observations and magnitvide, the
burning rate curves could be egbrized in four types.

Figure 59 shows the temporal evolution of burning rates for single and dual pool
fires. The numbers in parenthesis indicate burning rate $é#fgrent staging phases
of burning rates can be clearly identified in these redultsase of dual pool fires, the
interaction between pool firded to occurrence of fire merging whietasassociated
to stage 4 on the burning rate curves. Gihasisteady state phase in figure f9did
not occur in most of the test cases which will be discugserbrding to the rests
and observations, the flamesattached to the windward tray rim and tilted stream
wise over the pool surface in initial growth and gisaeady state stages. In following
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phases, due to fuel boiling and dual fire interactions, the burningveegenranced

and flame height increases substantially. Fuel boiliagalso more pronounced in 10

cm pools compared to 15 cm pools. At this stage, flame is detached from leeward rim
and extended outward downstream. Increased intermittency of theWiasobsened

in this phase, in case of dual pool fires, due to competing effect of air entrainment

resulting in flames leaning inward and enhanced burning rates.
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Figure 5.9. Observed temporal evolution of burning rates under tested condiéipns
single 10 cm pool,1.5 m/s airflow, 40 g fib) dual 10 cm pools, 0.5 m/s airflow, 40
g fuel(c) dual 10 cm pools, 1.5 m/s, 80 g fifd) dual 15 cm pools, 0.5 m/s airflow,
80 g fuel

To be on the safe side, tests were not conducted at airflow speeds above 1.5 m/s
where flame interactiorsouldcause ineligible fluctuations in load cell measurements.
The burning rate then decredse stage five, as the fuel was exhausted in the tray and
freeboard height is passed a threshold. Overall, increased airflow velocity, pool size
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and pool count, enhances the burning rate and shortened onset of transtage 4

as seen in figure 5.@&) and (d). The single 10 cm pool fires exhibit 5 stage burning
behavior with two distinct peaks across tested airflow velocities, with the ratio being
as high as 6.4 in case of single 10 cm pool with 40 g fuel and 1.%ov&ver, the
quastisteady statelmsedid not occur in dual 10 cm pools nor imgle or dual 15 cm
pools. Figure R (c) typifies the burning rate curves wihsingle peak magnitude of
0.03kg/n?s or higher, where intense burning and bulk boiling of the daelired
Figure 5.9 (d) tyies the 15 cm pool fires in which the onset of transition to stage (4)
occurred earlier compared to 10 cm pool fires which shows itself in the burn duration
results to be discussed in later sectidnsorder to better explain different heat transfer
phenomena and associated effects on the burning rates, conservation of energy for

evaporating fuetouldbe established similar to other work elsewlé6380,81]

Q, =—™n (5.1)

h, = h, +ﬁm' c,6 ,dT (5.2

whereQ . Is the heat exchange to the bulk of the fueltgnd the heat of gasification

of fuel which includes the latent heat of evaporationand sensible heat of fuel

warming up fromnitial temperature to boiling temperature.

qu = (Qf rad -Qre -rad) Qf eonv Qcond Q-Ioss (53)
Qf-conv = Ah( Tgas - Tfu s) (5'4)
Qf-rad =Fs A(Tf4 _T:J,s) (55)

whereg, .. is the lumped heat loss from the fuel through conduction and convection,

loss

Q... IS conductive heat exchange between fuel and trgyis the gas temperature
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above the fuel surface. The-nadiation from fuel is usually negligible at conditions
similar to present worK64,68] Constant specific heat may be assumed for the

evaporaing fuel. The burning rate can then be arranged as below.

dmfu / dt _ FS (Tf4 - Tft,s) + |’( Tgas -Tfu 9) (+Qc0nd .Qlosl/ A
A h

9

(5.6

mi Fi

in whichmj is the burning rate. Unlike works §§1,54,68,80which considezd
pool fires in quiescent conditions, the effect of convective heat exchange to the fuel
could notbe neglected in this work. Wassuggested that convective heat transfer can
have major effect on the totAllRR in confined ventilated conditions such as present
work [21,64] Equation(5.6)impliedthat, assuming a constant heat of gasification for
ethanol, the burning rate depends on several influential factors. According to results

of [51], the termr__ - T, ) couldbe assumed maely constant and ther - T )

term is fairly small in quiescent conditions. If the airflevas accounted for, the
convective termcould then be approximated as a function of the coefficient of
convection @) only. The flame temperatungas also almost constant during the
quastisteady burning stage, wieas it increaseith later stagesThe view factor of the
flame wouldhave changed with airflow velocity due to flame stretching as well as
effect of pool coun Neglecting heat loss from the bottom of the vessel, major heat
exchange between the tray and surroundowsgd be assumed to take place in the

windward side where iwvasaffected by airflow.

It is also said that at small pool sizes similar to oned usé¢his study,d term

cond
is the dominant heat transfer regime which initially is from fuel to the tray and then
from tray to the fuel in later stagfsl,64] Due to this effect, the rate of clygnof
burning ratavasslow in early stages of fire development and accelerated in later stages
(see also figre 5.9(a)). In the early stages of medium and large pool fires however,
radiation from the flame to the fuel surface and convective termsiai@q(5.6)were

the dominant regimes which can be attributed to the 15 cm pool size in thi§/gldy
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It can be concluded that it is very complexquantify each term in this equatjon
however, for practical afipations, above discussions couid utilized in qualitative
analysis oburning rate behavior. Figures 5.20d5.11present burning rate of 10 and
15 cm single pool fires as a function of initial depth and airflow velocity, respectively.
Standard error bars calculated based on repeagsetiments areigen in figure 5.10

(a) as an example indicating the confidence level of experintintde 10 and 15 cm
poolsweredenoted as SP 10 and SP 15 and dual 10 and 15 cmwmreldenoted as

DP 10 and DP 15. The burning ratesrethe measuktime averaged peak values as
assigned in figre 59.

In case of single 10 cm pools where two peaks were reached, the average of the two
plateau values were assigned as the mean burning rate. Separation distance between
the pools was 4 cm for both 10cafh5 cm pool casdsr given results in figure 5.10
but corresponding values was marked for the case of 8 cm. Several observations could
be made based on the results. The burning rates of dual pool fires was increased
substantially if compared to corresponding single pool cases which was more
pronounced fpl0 cm pool cases. The result was a direct effect of pool fire interactions
and enhanced convective heat transfer in the confined conditions due to more turbulent
flow field. The increased view factor from the flame in equation (5.6) due to secondary
fire source was also affecting the burning rates of adjacent pool.

The heat feedback from tunnel walls increased in dual pool cases, all of which
enhanced the burning rate. The ratio between the two burn raggsirf,. ) ranged

between 1.3752.25 for 10 cm pools and 1.06.73 for 15 cm pools with peak values
occurring at quiescent conditions for 10 cm pool and at 0.5 m/s airflow for 15 cm pool
fire. Under constant airflow, air entrainment factor was reduced in case of confined
dual pool fres. It has been documented that air entrainment can have considerable
impact on the burning rate of the pool fis8]. Therefore, it might be said that a trade

off existed between reduced air entrainment and increaseitractions and heat

feedback to pool surface with overall effect being an enhanced burning rate.
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The claim was backed up by an observed incoeasthe burning rates of the single
pool fires centrally positioned in the combustion zone compared to results of single
pool fires configured as in figure 3.11. The flame lbngt merged fires was
considerably increased at airflow conditions compared to single pool fires across all
tested cases. For instance, it was observed that flame was stretched to 4 times size of
the pool size in dual 10 cm pool fire case at 1 m/s airfidwreas flames extended
30i 40 % shorter in single 10 cm pools at the same airflow conditions. It could be held
that there was a monotonous increase in burning rates with increasing pool depth
across range of tested airflow velociti€his increasevassteeperfor 15 cm pool cases
and at 0.4m depth. Thelspe is changed moving from 0.4&% 1 cm depth. As for
single 10 cm pools, the burning rate at 1.5 cm initial deptr2agn?s (not reported
on figure) which was not increased compared to 1 cm deptiould be said that
decreasing initial freeboard height in this range was not as influential as perceived. It
was observed that bulk boiling of fuel tends to occur more intensely with increasing
pool depth especially at 1 cm, resulting in increased bgmaites as seen in in figure
5.10 However, more fuel could form a cold layer at bottom of the tray resulting in a
change in fuel layer temperature profile. These could both affect the rate of change of
burning rates at increased pool depth.

There appearetb be a different trend to burning rate behavior with increasing
airflow for the case of 10 and 15 cm pool fires as seen in figure 5.10. The 10 cm pool
cases showed a progressive enhancement of burning rates from 0.068 @019
kg/m?s for single ad from 0.018 kg/rfs to 0.033 kg/rfs for dual pool cases at 0.5 cm
depth. Similar trends were observed for the case of 1 cm depth but the burning rate
enhancement was not as accelerated except at 1.5 m/s where there was a steep rise in
burning rate. As foll5 cm pool cases, the burning rates first increased from quiescent
to 0.5 m/s, then decreased at 1 m/s airflow and intensify again at 1.5 m/s. This was
more pronounced in figure 5.10 (b) for 80 g fuel. This could be explaynedmpeting
effects of coolng, oxygen availability due to increased airfloj@25,47,52]as well as
variation of the combustion mass transfer coefficient with respect to the convective

airflow as discussed earlier in section 5.1, figure 5.4.
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Figure 5.11. Burning rates of single and dual pool fires as a function of airflow
velocity (a) 40 g initial fuel(b) 80 g initial fuel

It couldalso be inferred that themeasa maximum threshold for burning rates of
single and dual 15 cm pool fires at approximate@28 kg/nis after which cooling

effects dominatdunder tested conditions. Thisuldbe attributed to 58 larger pool
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edge that resulteid increased cooling in windward rim of 15 cm pool casesoudd
also be said that increasing the separation distéam 8 cmhada slight decreasing
effect on the burning rates of 10 cm pbads, whichwasresultant effect of increased
heat feedback from tunnel sidewall and +merging flames. Burning rates of single
10 cm pool firescouldbe compared with measureme by Zhu et. al81] at similar
pool size with bottom tray insulation and 95 g initial ethanol. Similar treodklbe
seen overall, across the airflow velocities such as steep increase in burning rates at 1.5
m/s. The cross section area of the tunnel model usg@ljrwas42 x 60 cm which
wassimilar to confined conditions of present study.

Figure 5.12compares burn durations of single and dual pool fires as a function of
pool depth and airflow velocity at two test points of 0.5 and 1.5 Bus duration
was defined here as the time required for the fuel mass in the vessel to reach 1 g from
initial state. leaving aside the obvious conclusion of increased burn duration with fuel
mass, it could be seen that 10 cm pool fires take longer to burn the same fuel mass
which further backs the claim that the pool size can be categorized as the small pool
where heat awduction from the vessel rim to the liquid fuel is the dominant factor in

determining the burning rate.
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Figure 5.12. Burn duration of single and dual pool fires as a function of airflow
velocity for(a) 40 g(b) 80 g initial fuel mass

The 15 cm pools burn durations seemed fairly invariant to the control parameters.
The shorter onset of transition and the increased rate at which the burn rate reached its
peak stage 4 value in 15 cm pool fireBuenced the burn duration stronghigure
5.13 and 5.14how captured flame images of 10 cm pool fires at 1.5 m/s airflow and
initial fuel mass of 40 g fo&= 4 cm andS= 8 cm respectively. There was a visible
reflection of fire in the left side ofhwtos, which was due to the glass observation
opening, sealed during normal test measurements. The time stamps on figure 5.12 were
given starting right after the ignition and are same in figure 5.13. Evolution of burning
rate stages could be observed igufe 5.12 where duration from 110 to 160 s
corresponded to the stage 4 as discussed in figure 5.8 in which fuel boiling and fire
merging occurred. Increasing the separation distance to 8 cm results slightly increased
flame height due to confinement effeaft tunnel sidewal[82] with no observable
physical interaction of the flames. Given the unchanged recording properties,
luminosity of the flames was more visible in case of 4 cm separation distancg

pool boiling phase (11060 s).
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Figure 5.13. Flame captures of dual 10 cm pool fires at 1.5 m/s for S =4 cm
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Figure 5.14. Flame captures of dual 10 cm pool fires at 1.5 m/s for S = 8 cm

5.2.2 HRR flux

HRR is believed to be a critical factor in evaluating fire safety, especially for the
confined fire since heat feedback from walls is also an influential paraf@éjefio
investigate effect of pool couwn the HRR, figure 5.15gives the normalized HRR
values per unit area of the po@$RR flux) as a function of airflow velocity.
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As with the burning rates, the valuesHRR werethat of timeaveraged quasi
steady burning period. ¢iouldbe seen that increasing the lawf from 0.5 to 1.5 m/s
and the pool depth daan enhancing effect on the HRR fluXhis was more
pronounced in case of 10 cm pools as the 15 cm pool fire HRR flusesfairly
invariant to this rangelhe HRR in terms of kW for the dual pool fire cashewed a
considerable increase with respect to single pool fires in the range of 50 % to 126 %
consdering 10 and 15 cm pool cases which further emphasized the effect of secondary

fire on overall heat load.

5.3 Effect of tunnel blockage

It is believed thaexistence of an obstruction the upstream of a tunnel fire may
have considerable effects on the burning characteristics of the fire altering the safety
measureghat need to be accounted .fdm this section, result®f testson blocked
tunnelfire usinga car and a metro carriage mockugh a blockageatio of 14 % and
58 %aregiven Ventilation to the model raed from 0 (quiescent conditionjo 1.5
m/s with pool depthof 0.45cm fixed throughout the experiments. The details of
experiment design paraters were given in section 33The car blockagevas
denoted si mpl ywagosb |6occakradg ea nads mbemmertor o6 t hr ougho
results.Results of some casegerealso accompanied byDS model predictionto
justify the effect of blockage on flow field and burning rates of fires.

5.3.1 HRR and burning rate behavior

The blockage ratio was defined as thgo of cross sectional aaeof the blockage
tothat of the tunneln order to facilitate interpretation of resulise ratio of the square
pool size (L) to the blockagfire separation distance (S) was used in presergsults.
In case of no blockagéhe L/S ratio is zero assuming blockage wamfatity. The

ratio entailedthat as it increask the separation distance becasnaaller. The HRR
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flux from the pool fires were calculated and plotted agdhest_/S ratio for carrad

metro blockage in figure 5.16
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The HRR was calculated based oxygen consumption calorimetry taking into
account @, CO and CO2 concentrations downstream of fire. The magnitude of HRR
due to this method isfluenced by oxygen concentration. This means that in blocked
fire test cases, the flow pattern may have affecteditme distribution at the HRR
measurement probe location. However, since all the measurementserfermedat
the sameprobe locationthe resultscanbe qualitatively comparedilso to double
check the calorimetry, by checkitige burning rate values along the HRR results, it
can be concluded that the combustion is fuel controlled in the range of tested
conditions In order to do this, #tnmass loss rate of fire times heat of combustion of
fuel was calculatedt any test point on Fig 5dvhich ensured that the combustion is
completeResults established a general increase in the HRR flux at elevated ventilation
velocitiesfor constant L/Satio.

For instance, at/S = 0.5 the HRR flux showed an 80 % increase at 1.5 m/s car
blockage case compared to 0.5 MES = 5 cm, the effect of ventilation was not as
pronounced. Similar trends were spotted for metro blocked tunnefldRRAIthough
a general trend could not be observed regarding the separation distance, it was
concluded that blocked fire affects the HRR considerakil{.5 and 1 m/s, reducing
the separation distancesulted in increasing HRR flux. At 1.5 m/s, due to increased
airflow, the maximumHRR flux occurred at L/S = 0.5imilar trends were also
observed in case of metobstruction The effect of blockage and separation distance
on burning rates of the pool fires can be seen in figure Bdl®iwing observations
were made: (1) the burning rates showed a considerable increase in ventilated
conditions compared to quiescent condition (almost twice) (2) the unblocked fire
burning rates increased at 0.5 m/s due to ventilation, then decreased at 1 m/s and
increase again at3 m/s.This was also observed in results of part one and two of the
experiments covered in sections 5.1 and Bl?s was attributed to the cooling effect
of ventilation at 1 m/s which reduced the burning rates/¢8exes were generated

downstream of th car and metrobstructionwhich act as a bluff body.
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This was evident from the flame images as well@s field predictions byFDS
model. The generation of these vortexes at the wake of bloefimgted the burning
rates considerably due to changes in the air entrainmetweaidentilation velocity
For the car blocked pool fireexcept the 1.5 m/s sa, as tle s@aration distance
increased, the burning rate decreased. This trend was not seen at 1.5 m/s case where
due to increased ventilatiotie reattachment zone occurred upstream of pool fire at S
= 30 cm thus increasing the burning rates at highi&rratios.The recirculation zone
effect could be seen the velocity contourat half the height of the blockage figure
5.18 where the blockage is identified as a white bluff body and the pool is the square
transparent outline at the centéortexes generated at the wake of the blockage can
also be seen in this figurds can be identified from the flame images, due to the
recirculation zone in the low pressure wake of the blockage, the flame was elevated
and attached to the blockage at L/S = 1lai%d=3 cases. Figure 5.Ehows the flame
images and FDS predicted velocity field for L/S = 0.5 and 3 at limiting case of 0.5 m/s
at simlar conditions as in figure 5.18

Under similar conditions, model predictions showed that at 0.5 m/s, the flow field
is different compared to the 1.5 m/s case. It was seen that due to a smaller wake at this
velocity, at higher L/S ratios in figure 5.18 (a), the average local ventilation velocity
is greater compared to L/S = 0.5 case. At this velocity, there was ncevikibie
attachment to the blockage. This was an interesting finding since it showed that due to
presence of tunnel blockage, the effect of ventilation velocity on the fire burning rates
is not linear nor similar to the unblocked case and needs to be @@ukid the safety
design parameters. Metro blocked pool fire burning rates showed trends similar to car
blocked fires in terms of burning rates at testedditions as seen in figure 5.17
However, due to increased blockage by metro carriage Hmockheburning rates
were generally lower compared to the car blocked cases and were not as sensitive to

the separation distance.
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Figure 5.18. Flame images anBDS predicted velocity fieldor (a) L/S = 3 and(b)
L/S = 0.5(c) velocity vectors at the wake of blockagel.5 m/s ventilation velocity
for car blockaget 80 s after ignition
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