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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. Prof. Dr. Ahmet Yozgathgil

July 2017, 136 pages

This work presents the results of experimental and numerical analysis on tunnel
fires in an attempt to improve existing knowledge on the fire dynamics and related
safety measures in various tunnel fire scenarios. Results are grouped into four parts in
which the effects of tunnel wall coating, inclination, tunnel obstruction and existence
of secondary fire source in close vicinity were investigated on tunnel fire
characteristics. A 1/13 longitudinally ventilated scaled tunnel model constructed based
on Froude modeling was used in the experiments with ethanol pools as the fire source.
Numerical simulations were carried out using Fire Dynamics Simulator code. The
focus was on critical factors in the safety research community including heat release
rate (fire load), burning rate of fire and tunnel temperature distribution, which were
measured across a wide range of ventilation conditions, pool size and depth. Results
emphasized that the overall variations in the burning rates of fires at different
ventilation conditions was a function of competing factors that affect the heat release
rate, mass transfer coefficient and cooling effect of the airflow. The application of
absorptive wall coating led to considerable reduction of radiative heat flux to upstream
of fire. Burning rate and the heat release rate of fire showed an increase as high as 125

% under the effect of the secondary fire source, emphasizing the need to account for



possible secondary fires in tunnel safety design. In case of blocked fire tests, the results
from experiments as well as simulations indicated that due to changes in local
ventilation velocity and flow pattern upstream of the fire, heat release rates tend to
increase as high as 0.7 MW/m? compared to un-blocked fire under certain test
conditions. It was also shown that tunnel inclination is an influential parameter that

affects the smoke movement and ventilation requirements of tunnel considerably.

Keywords: Scaled tunnel model, pool fire, heat release rate, burning rate, Fire

Dynamics Simulator
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0z

TUNELLERDE GERCEKLESEN HAVUZ YANGINLARININ YANMA
KARAKTERISTIKLERI UZERINE DENEYSEL VE SAYISAL CALISMA

Shafee, Sina
Doktora, Makine Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Ahmet Yozgatligil

Temmuz 2017, 136 sayfa

Bu ¢alismada tiinel yanginlarinin dinamigi ve ilgili giivenlik 6nlemlerinin daha iyi
incelenmesi amaciyla, gesitli yangin senaryolar1 deneysel ve sayisal olarak analiz
edilmistir. Bu kapsamda, tiinelin duvar kaplama malzemesinin, egiminin, yanginin
akis yukarisindaki blokajin ve olasi ikincil yangin Kaynaklarinin tiinel yanginlarinin
karakteristikleri tizerinde etkisi dort ayr1 boliimde irdelenmistir. Deneysel galismalar
Froude modelleme yontemi ile insa edilmis 1/13 6l¢ekli tiinel modeli {izerinde etanol
havuz yanginlart kullanilarak gerceklestirilmistir. Yangin simiilasyonu ise Fire
Dynamics Simulator kodu ile modellenmistir. Yangin giivenligi agisindan oldukga
onem tasiyan 1s1 salinim hizi (yangin yiikii), yanma hizi ve sicaklik dagilimi gibi kritik
parametreler degisen havalandirma hizi, havuz boyutu ve derinliginde incelenmistir.
Sonuglar yanginin yanma hizinin farkli havalandirma hizlarinda degismesinin
havalandirmanin sogutucu etkisini, yanginin st salinim hizini ve yanma kiitle transferi
katsayisini etkileyen yarisan faktorlere bagli oldugunu gostermektedir. Sogurucu tiinel
kaplama malzemesi uygulanarak, yanginin akis yukarisindaki isinimsal radyasyon
yiikii 6nemli bi¢imde diistirilmiistiir. Bitisik yanginin ana yangin ile etkilesiminden
dolay1, yanginin yanma hizi ve 1s1 salinim hiz1 yaklasik % 125’e kadar artig gostererek,

olas1 ikincil yangin etkisinin giivenlik sistemleri gereksinimlerinin tasariminda

vii



muhakkak hesaba katilmasi gerektigini vurguladi. Tiinel blokaji etkisini inceleyen
deneyler ve sayisal modelleme sonuclar1 serbest yangin sonuglari ile karsilastirilmis
ve 1s1 salinim hizimin 0.7 MW/m?’ye varan artist gozlemlenmistir. Ayrica tiinel
egiminin tiineldeki duman hareketi ve havalandirma gereksinimleri tizerinde 6nemli

ol¢iide etkili oldugu tespit edilmistir.

Anahtar kelimeler: Olgekli tiinel modeli, havuz yangini, 1s1 salinim hizi, yanma hizi,

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. However, with ever-increasing rate of tunnel construction and heavier traffic,
fire accidents started to pose a threat to the lives of passengers as well as damaging the
tunnel structure. With the overwhelming cost of tunnel construction, extensive
research attention was drawn to the safety issues associated with the design of tunnels
and risk perception and management strategies. It is well-known that the enclosed
nature of tunnel structure (or any compartmentalized space) results in a rapid
temperature increase and oxygen depletion during a fire, making it difficult for rescue
operations especially in crowded traffic conditions. Fire incidents in Mont-Blanc
tunnel between France and Italy, Tauern tunnel in Austria, the Kaprun tunnel in
Switzerland, the Channel tunnel between UK and France, the underground railway
tunnel in Azerbaijan, and most recently, the Soma mine disaster in Turkey are among
catastrophic examples with dire consequences [1,2].

The number of fatalities in tunnel fire accidents reported in the literature over the
years and in recent history highlight the fact that there are still significant issues
regarding tunnel fire safety that need to be addressed through experiments and/or
modelling, especially in the case of fires in metro and underground tunnels. Apart from
the fire heat load, suffocation due to smoke and toxic gas inhalation is known as
another cause of death and injuries in a tunnel fire incident. The safety issue becomes
even more pronounced as the length of the constructed tunnels is increasing in the
modern day. A better understanding of fire characteristics in confined spaces and
related phenomena in general, and specifically fires in tunnels, would enrich the

current state of knowledge on the matter and add valuable information needed in



deploying safety measures in tunnel design. These have been the main incentive for

conducting of this research work.

1.1 Aims of this research

Use of pool fires have proved a good approach in simulating tunnel fires of different
magnitudes. Study of the corresponding literature shows that 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 investigate tunnel fires and improve existing database on the matter. The output of
this work will provide data that can be utilized in fire safety design, pool fire
combustion research and validation of numerical models. Specific aims and associated

hypotheses of the study is 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 wall coating type, i.e. reflective or emissive, on the burning rates of
the fire as well as radiative heat feedback upstream of the pool which 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 zone by measurement of radiative heat flux. Numerical simulations were

performed to accompany experimental results.

1.1.2 Adjacent pool fire

Even though there is the possibility of multiple fires with close proximity in tunnels,
there is no major report in the literature assessing such scenario and fire interactions

in compartmented spaces. Adjacent secondary pool fires were studied in current



research. The behavior of fire due to a secondary source was believed to be different
compared to a single fire case in terms of heat release rate (HRR), burning intensity
and fire-induced turbulence. Hence, effect of fire size and separation distance from
secondary fire on the burning rate, interactions between fires, HRR and flame
characteristics were 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 fire-proofing materials and lining structures in a tunnel [1]. Majority of the
studies in the literature have investigated this parameter by only considering fire
scenarios without any blockage effect except a few [3]. However, in most tunnel fires,
vehicles usually exist near fire source in upstream, which will act as blockage and
influence the air and plume flow. In this study, the upstream obstruction of tunnel was
investigated by use of vehicular blockage with different blockage ratios. Burning rates,
HRR of fire as well as gas temperature distribution at varying ventilation conditions

were measured. Numerical simulations accompanied parts of the experimental 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 to fire-induced buoyancy
effect [4-6]. Current research also aimed to investigate the effect of uphill and
downhill inclination on smoke movement, ventilation requirements, and gas
temperature distribution in tunnel through experiments. This case also had
considerable importance because in practice, a great number of metro and road tunnels

need to be constructed with slopes up to =10 percentage.



1.2 Thesis outline

This thesis is organized in the following manner. Chapter Il presents the
background information on recent history, safety factors, research on tunnel fires and
explains the aims of current research which were identified based on the gaps in the
related literature. In Chapter I11, the equipment and experimental method are discussed
followed by design factors. The numerical model which was used to accompany parts
of the experimental results is discussed in Chapter 1V. Results of the tunnel fire
experiments are presented and discussed in separate sections in Chapter V and finally,
conclusive remarks are made in Chapter VI in an attempt to associate the major

findings of the work and provide a summary.



CHAPTER I

LITERATURE SURVEY

Over the years, tunnel fires have taken the lives of many people. Tables 1 and 2
give a brief summary of the fire incidents in some of the road and railroad tunnels of
special interest, their possible causes and consequences [1,6]. The numbers highlight
the fact that there are significant issues regarding tunnel fire safety that need to be

addressed. It is reported that as well as fire heat load, smoke and toxic gas inhalation

plays an important role in the consequent causalities of tunnel fire incidents.

Table 2.1. Major road tunnel fires from 1949 to 2007 [6]

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 dead

1986 L’Arme France ngh.speed 3 dead, 5 injured
collision

1995 Pfander Austria Collision 3 dead, 4 injured

1999 | Mont Blanc France-Italy Oil leakage 39 dead, 27 injured

1999 Tauern Austria Collision 12 dead

2001 Gotthard Switzerland Collision 11 dead

2005 Frejuse France-Italy Diesel leakage 2 de.ad, 21.smoke

inhalation
2007 | San Martino Italy Collision 2 dead, 10 injured

Explosion, fuel leakage, collision of cars, heavy good vehicles (HGVs) and
electrical fault are among the reported possible causes of tunnel fires. It is also
indicated that railway and underground tunnels have had the major share in causalities

and damage compared to road tunnels, expressing the severity of the problem in this



case. The coal mine fire in Soma, Turkey which took the lives of 301 workers and left
many other injured was caused by carbon monoxide poisoning due to rapid depletion
of oxygen in the mine shaft which could have been prevented if refuge chambers were

designed properly and enough oxygen sensors were mounted [2].

Table 2.2. Major railroad and underground fire incidents [1]

Year | Tunnel name | Location | Probable cause Consequences
1921 | Batignolles France Collision > 28 dead
1971 Wranduk Yugoslavia | Fire in engine 34 dead, 120 injured
Ki . .
1987 'ng Qross UK Not available 31 dead, many injured
station
Baku .. . -
1995 Azerbaijan | Electrical fault 285 dead, 245 injured
underground
1998 Gueizhu China Explosion > 80 dead
Kitzsteinh . .
2000 Hzstemnnom 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 Safety measures

Tunnels are enclosed facilities for transportation of motor vehicles and passengers
all over the world. As the rate of construction of longer tunnels grows, fires in road
and rail road tunnels become an inevitable problem on a global scale. Life threatening
factors of fire such as Heat Release Rate (HRR), also termed heat 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 and rescue. In some cases, even the lining and fitting structure of the tunnel can



be compromised due to thermal shock resulting in concrete spalling, total devastation
and massive losses [1]. According to the tunnel fire safety standards of National Fire
Protection Association (NFPA) 502 and Association Mondiale de la Route (AIPCR),
there are certain requirements for ensuring human safety during fire emergencies and
evacuation and rescue phases as well as protection of tunnel structural components
[7,8]. Regardless of length of the facility, factors such as heat loads ranging from minor
incidents to major catastrophes, occurrence of secondary fires at one or more locations
inside the tunnel, traffic congestion and control during emergencies, built-in fire
protection features and emergency ventilation systems should be fully considered as
part of an engineering analysis of the fire protection. As well as using water mist and
sprinkler systems to suppress fire and reduce temperature, ventilation (natural and
forced) is utilized in most cases.

According to the NFPA standard, mechanical ventilation in tunnels is considered
to be one of the most effective methods in providing fresh airflow and disposal of
contaminants during normal conditions and control of smoke movement to create a
safe passage for motorists [7]. 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 variables and 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 longitudinally ventilated tunnels, air is forced in to the tunnel usually
by jet fans mounted either on the ceiling of the tunnel or at the vertical shafts.
Installation and maintenance of longitudinal ventilation systems usually cost less than
transverse ventilation which makes them a more common choice especially in Europe
and eastern countries [9]. Other ventilation systems include partial traverse and
combined ventilation. Chow et al. highlighted the advantages and disadvantages of
each system given in table 2.3 [10].

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

spreads to both directions 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
termed “backlayering” [11]. Introduction of longitudinal ventilation results in
impingement of the airflow with backlayering plume which stops the back flow,

ultimately directing it downstream as shown in figure 2.1 [12].

Table 2.3. Comparison of ventilation systems [10]

Type of the ventilation system Advantages Disadvantages
less space to
Lonaitudinal install, simple Not desirable for bi-
g installation and directional traffic
low cost
Semi-traverse cGo%(;?oTn;g\i/(ve High investment cost, no
Lo directional smoke control
maintenance cost
Suitable for long | Large ventilation
Traverse tunnels, ductwork required,
applicable for bi- | ineffective in smoke
directional traffic | management
Intermed|_at_e Large ventilation building
characteristics .
. and ductwork required,
Partial traverse between traverse | . S
. ineffective in smoke
and semi-
management
traverse
Good smoke .
N . Relatively complex and
Longitudinal and semi-traverse | control, L ;
L . .| high initial cost, high
combination applicable for bi- .
e . | maintenance cost
directional traffic

The term “critical velocity” is used in tunnel fire literature to define the minimum
longitudinal ventilation velocity required to prevent 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
ventilation and the backlayering length

The confined fire exhibits five stages of ignition, growth, flashover, fully developed
fire and decay as shown in figure 2.2. Following the ignition, in case of available fuel
and oxygen supply, the fire will develop and reach later stages. The oxygen supply in
fire growth stage is generally sufficient and the fire is referred to as “fuel-controlled”
in this stage. In the flashover stage the radiation from hot combustion gases starts to
dominate resulting in ignition of unburnt combustible materials. The peak HRR and
burning rates are reached in fully developed stage. This stage is often referred to as

oxygen (ventilation) controlled stage due to lower oxygen availability.

F’oﬂsrﬂasr}wa!

Flashover !

I
]
]
|

Fully developed fire

Temperature rise

Ignition

Figure 2.2. Evolution of compartment fire [13]



2.2 State of fire research

Fire is a complex phenomenon within which several physical and chemical
processes take place that render combustion and fire research a challenging branch
requiring knowledge of the flow field, heat transfer, mass transfer, and chemistry.
Nevertheless, tunnel fires have been the topic of research since early 1960s when
transport tunnels were being mass constructed [1]. Most of the fundamental data on
tunnel fires have been achieved through large-scale fire tests conducted in abandoned
or disused tunnels or in operational tunnels in smaller scales. However, the
overwhelmingly high cost of large scale tunnel fire experiments turned the attention to
reduced scale or model experiments which is also the topic of current work. The
reduced scale experiments are often accompanied by numerical modeling to reproduce
full-scale features. There are a number of distinct mathematical models that are being
used in the fire research community. The zonal models such as Consolidation Model
of Fire Growth and Smoke Transport (CFAST) are simplified thermodynamic models
and highly dependent 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 OpenFOAM [16], as well as commercial software such as
CFX, FLUENT, and FLOWS3D that can provide detailed representation of the flow
field domain. In the following sections, the common terminology in fire research, as
well as scaled modelling is discussed followed by a literature survey on some of the
most relevant large-scale, small scale and numerical studies available in the field. The

specific aims of current research are also summarized at the back end of this chapter.

2.2.1 Scaling in fire research

In order to utilize data achieved from reduced scale experiments, a well-defined
similarity should exist between the large scale and model. Due to the complex fire
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dynamics, especially in the case of confined fire, it is impossible to achieve complete
similarity. However, partial similarity can be achieved by preserving some of
dimensionless groups of interest which is the fundamental of scaled fire modeling [17].
In this section, the procedure of establishing dimensionless Pi groups and suitable
normalizing factors from conservation equations used in fire modeling are briefly
discussed but the reader is encouraged to refer to the original document for a detailed
study [17]. Density is assumed constant throughout these derivations and only the
vertical momentum is examined explicitly. The mass and momentum conservation is
applied to achieve normalizing factor for velocity under constant pressure conditions
as in equation (2.1) [17];

i = o 2.1)

which is a suitable normalizing factor for natural convection and maximum velocity
due to buoyancy without forced velocity. Equating the momentum flux and stress

terms in the momentum equation gives equation (2.2);

Re=1II, = — (2.2)

which is the ratio of inertial forces to shear stress, also known as Reynolds number.
The energy equation establishes multiple Pi groups due to inclusion of different
phenomenon such as combustion and heat transfer which are inherent in the physics
of the problem [17]. Below are the final forms of some of other pertaining normalizing
factors and associated Pi groups that will be used throughout this study. Equation (2.3)
commonly known as Zukoski number relates the fire power or heat load to the enthalpy

flow term;
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* Q
Q =1II, = pcT 52 12 (2'3)

o p ™

where Q is the fire HRR, | is the length scale and denominator is the enthalpy flow.

Normalized heat fluxes to the solid boundaries of an enclosure fire were derived in
terms of Zukoski number for conduction, convection and radiation given in equation
(2.4) through (2.6) [17].

1/2

. (kpc) ", Conduction
QCond, = 1_13 = 1/4,3/4 ~ (24)
p.C,9 | Enthalpy flow
. h Convection
Quony. =M, = == (2.5)

) pxcp«/gl Enthalpy flow

oT? radiation (2.6)

Qrad,* = HS =
pmcp«/gl Enthalpy flow

Other Pi groups exist for mass flow terms due to droplet evaporation and chemical
energy of species present in the reacting mixture which are not in the scope of this
context. It is impossible to preserve all the Pi groups discussed above, or any other Pi
groups of interest not covered here at once. This is due to inherent inconsistencies in
the heat loss terms once we attempt to preserve a specific Pi group, say Zukoski
number. In fire correlations, the gas phase radiation, wall boundary thermal properties
and the Reynolds number are therefore not generally preserved. Instead, partial scaling
is maintained which requires a good understanding of the competing phenomena in the
physics of the problem at hand. This is referred to as “the art of scaling” [17]. One of
the most prominent applications of scale modelling is Froude scaling which is
extensively used in reduced scale tunnel fire studies [18-26]. This scaling technique is

principally achieved by maintaining the Zukoski number constant and requires that

velocities scale as (g1)"* given in equation (2.7).

12



Fr~— (2.7)

which represents the ratio of inertial forces to buoyancy forces [1]. Based on
preservation of the Froude number, the relationships for HRR, velocity, and gas
temperature between model tunnel and full scale can be expressed as follows [25,26].

) (2.8)
QF IF
I 12
Tu_ (2.9)
VF F
T, =T, (2.10)

in which Q is the HRR of the fire, T is the gas temperature in Kelvin, V is the
characteristic flow velocity (i.e. ventilation velocity), M stands for model and F stands
for full scale. The relations mean that, for example, if the model length scale is half
the full size tunnel, the measured HRR will be up-scaled with a factor of 5.65 in the
full-scale fire calculations. Table 2.4 gives a quantitative 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(nl\Bl{/l\J/I)I scale HRR Eﬂ;];vsilsrr]];rtilénnel
3-14 15-8 Small cars
32-50 20-30 Truck or bus
21 — 328 13 -202 Heavy good vehicle
12-70 7-43 Railroad vehicles
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2.2.2 Heat release rate

HRR is a pivotal parameter in defining safety associated with tunnel fires since it
relates to many factors including temperature, fire spread, heat transfer, and flame
length. In fact, HRR is believed to be the most hazardous factor in evaluating fire
safety and is of greater importance in tunnel fire research since heat feedback could
intensify the problem [27]. There are two common methods for calculation of HRR
from tunnel fire experiments, by measuring of the mass loss rate of the burning
material and using oxygen consumption calorimetry method [28,29]. While the former
method relies on using a balance to record mass loss rate during combustion and then
doing calculation based on the mass loss rate and lower heating values of fuel, the
latter calculates HRR based on oxygen depletion and combustion species
concentrations variations.

The premise of the calorimetry method is to use constant heat of combustion per
unit volume of oxygen consumed which is approximately the same for most of the
organic materials [29]. The method has been extensively used in the literature [30-34].
The heat released due to oxygen calorimetry method can be calculated according to
equation (2.11) and (2.12).

[ e —EN(1-4) XL ]

Q'=|¢_L ' 3 [EXJV, (2.11)
L E 2 XO;J
X2 —x2(1=-x2, =x2 Vi(1-x2 —x2
4= o, Oz( co, Hzo) ( €9 CO) (212)
Xo (1= Xa 1(1- Xl = %x45) ]

in the above equations, the “0” superscript refers to standard conditions, X is the
mole fraction of species measured by gas analyzer or at standard conditions, e is the
net heat release of combustion per unit volume of oxygen consumed equal to 17.2
MJ/m3, &~ is heat release per volume of oxygen consumed in the burning of CO equal

to 23.1 MJ/m® and 4 is the oxygen depletion factor. The method has been
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demonstrated at tunnel experiments in previous studies [35,36]. Detailed derivations
of equation (2.11) and (2.12) are illustrated in [28].

2.2.3 Critical ventilation velocity

It was stated that the minimum ventilation velocity required for prevention of
smoke movement in upstream direction, is known as the critical ventilation velocity.
Empirical formulations for critical ventilation velocity based on Froude number could
be found in the literature. One of the earlier correlations was given by Thomas [37] in
which the inertial force of incoming fresh air and the smoke buoyancy force were
compared. He suggested that the critical ventilation velocity is achieved when these
forces are equal, i.e. critical Froude number of unity. The proposed equation for critical

ventilation velocity by [37] is given in equation (2.13).

gQ,H !
v, = (—=—) (2.13)
pCc T A

o p f

which estimates the critical ventilation velocity proportional to one-third power of

convective HRR. In equation (2.13), Vv, is the critical ventilation velocity in m/s, H is
the tunnel height, », is the ventilation flow density at standard conditions, c  is the
specific heat of ventilation flow, T, is the measured ventilation flow temperature in

Kelvin. Similar correlations have been proposed by others such as equation (2.14) and
(2.15) by Kennedy [38].

o .

v, = kg(Lf (2.14)
P, T AFT,

TooT a2 (2.15)
'DOCpAVcr
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In equation (2.14), critical Froude number was proposed to be 4.5 and kg is the grade
correction factor to be applied when used for inclined tunnels. Wu and Bakar argued
that the critical velocity is dependent on the hydraulic diameter of the tunnel rather
than tunnel height through experiments on a small scale variable cross-sectional tunnel
[39]. They introduced two regimes for critical velocity variations as given in equation
(2.16), (2.17) and (2.18). They showed that at lower HRR, the critical velocity varies
as the one-third power of the HRR; however, at higher rates of heat release, the critical

velocity becomes independent of HRR.

1

V) =0.4(02) °Q°, Q <0.2 (2.16)
V! =0.4 Q >0.2 (2.17)
o Ve (2.18)

where Q" is the Zukoski number based on tunnel hydraulic diameter as the length

scale in equation (2.3).

2.3 Large scale experiments

One of the earliest large scale tunnel fire experiments was carried out in a disused
railway tunnel in Glasgow in 1970 [1]. The tunnel was 620 m long, 7.6 m wide, and
5.2 m high and the fire source was kerosene pools of 1.44 m? area. It was found out
that smoke layers of 1-2 m in thickness would form and thicken in time, reaching 4
m in 10 min. The smoke would advance at about 1-1.5 m/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 390 m long deserted railway tunnel in Austria [1]. The

tunnel was modified to simulate longitudinal and traverse ventilation conditions.

16



Ceiling temperatures as high as 1200 °C were recorded. Table 2.5 summarizes some

of the main large-scale tunnel fire experiments in tunnel fire research history and their

respective results.

Table 2.5. Summary of large scale tunnel fire experiments in literature

Test title Year Tunnel Fire source Main result
. Smoke layers of 1-2 m
Glas_gow 1970 . Disused Kerosene advancing at 1-1.5 m/s
experiments railway tunnel | pools
speed
Zwenberg 1976 Disused Petrol and Ceiling temperatures as
experiments railway tunnel | diesel pools | high as 1200 °C
Cars. trains. | - Temperature of 800-
carri:ages " 1900 °C during car fires
EUREKA Abandoned | heptane and 1300 °C for HGVs.
EU-499 test | 1990-92 | mine tunnel in | pools, and - Eire arowth and
series Hammerfest | heavy good burni g
vehicles urning pattern
(HGV) considerably affected
by ventilation.
Memorial diesel pool Considerable reduction
Tunnel Fire Two lane road | fires ranging n V'S'b'“ty due to
o 1993-95 s smoke which posed a
Ventilation tunnel in size (10- h han fi
Program 100 MW) greater threat than fire
heat load
High ventilation rates
Pool fires, retarded development
Benelux 2001 Operational | cars, a van of car fire by up to 30
experiments tunnel and covered | min but enhanced
truck loads | burning of HGV fires
by up to 20 MW

The fire test series under project EUREKA EU-499 ‘FIRETUN’ were the milestone
of tunnel fire research [40]. A wide range of HRR data for different vehicles such as
cars, trains, carriages, heptane pools, and HGVs 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 work [41]. It was found that
fire tends to develop fast in the first 10-15 min since the start of fire. Fire growth and
burning pattern was seen to considerably affected by ventilation conditions [1].
Another milestone in large-scale tunnel fire experiment was the Memorial Tunnel Fire
Ventilation Program (MTFVTP) between 1993-95 [42]. During the tests, 98 Diesel
fueled pool fires were burned in the 850 m long two-lane road tunnel near Charleston,
West Virginia, USA. It was concluded that longitudinal ventilation velocity of 2.5-3
m/s was sufficient for smoke extraction of fires with HRR up to a maximum of 100
MW. A series of pool fire tests were carried out during construction of Shimizu tunnel
in Japan in 2001 [1]. It was concluded that the three-lane tunnel provides faster
evacuation than a two-lane tunnel and that longitudinal ventilation does not have great
effect in the three-lane tunnel as it does in a two-lane one. Fire test series in the Benelux
tunnel in Netherlands between 2000 and 2001 investigated the fire detection systems,
mechanical ventilation and sprinklers [43]. Different combustion related parameters
such as gas temperature and HRR were measured. Figure 2.3 shows the cross section

of the tunnel with propagating smoke in a Benelux fire test.

Figure 2.3. Propagating smoke in Benelux experiments [43]
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Figure 2.4 presents the HRR results of the experiment for a passenger car and small
truck [43]. It was seen that for the 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 ventilation was primarily noticeable by its effect on the fire

development during the initial stages.
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Figure 2.4. Fire development of a car and small truck fire [43]

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

Sweden in 2003 [41,44-46]. In these experiments, mock-ups were prepared to simulate
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HGV fire. Figure 2.5 shows the used mock-ups. In order to measure the HRR on the
downstream side of the fire, longitudinal flow was generated mobile fans located
outside the tunnel entrance and 50-60 m inside the tunnel. Thermocouples, oxygen
sensors, CO and CO; sensors, and pressure tubes were located at a suitable distance
downstream of fire source. The probes divided cross section of tunnel in to five virtual
areas for each of which species concentration, temperature and flow velocity were

calculated separately for more accurate estimation of HRR.

Figure 2.5. Test commodity used in large-scale tests of Runehamar tunnel [44]

The fire growth rate of all four tests were approximately linear as seen in linear
regression results of table 2.6 for used materials which were wood and plastic pallets
(T1), wood pallets and matrasses (T2), furniture and fixtures (T3), and cartons and
plastic cups (T4). It was also observed that T2 test yielded the fastest fire development
(26.3 MW/min).
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Table 2.6. Peak HRR and fire growth rate from Runehamar tunnel tests [44]

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 a result of the Runehmar fire tests new design criteria were adopted for tunnels
and applied to NFPA standards in 2008 [7]. Ingason collected the HRR data from all
the large-scale tests available in the literature before 2006 and normalized the
maximum heat release to the exposed fuel surface area [41]. The fuel surface area was
defined as the freely exposed area where release of gasified fuel can occur
simultaneously. According to his results, HRR data could be divided into three
different groups based on the fuel type. The data is summarized in table 2.7. It was

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 of normalized HRR for fire tests in tunnels [41]

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 Reduced scale experiments

Due to costly nature of large-scale experiments, research attention was turned to
reduced scale experiments. In this section, some of the most cited experimental work
in tunnel fire research literature are discussed. Roh et al. investigated the effect of
longitudinal ventilation on burning rate of n-heptane pool fires at different pool sizes
using a reduced scale tunnel [47]. In this work, a 1/20 reduced-scale model tunnel was
used constructed based on Froude scaling to examine difference of backlayering
between naturally ventilated HRR and longitudinally ventilated HRR of fire.
Schematics of the model used in this work is given in figure 2.6. The experiments were
performed with n-heptane pool fires with sizes of 4.5-8.5 cm and depth of 2 cm. Figure
2.7 shows plot of the non-dimensional burning rate against non-dimensional
ventilation velocity which are defined as the values of ventilation velocity and burning
rate per that of critical velocity for various pool sizes as defined in equation (2.19) and

(2.20) [47]. It was concluded that non-dimensional burning rate of n-heptane pool fire
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increase as the non-dimensional ventilation velocity is increased due to larger oxygen

supply effect at higher ventilation velocities compared to its cooling effect.

Figure 2.6. Configuration and dimensions of model tunnel used in [47]
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Figure 2.7. Non-dimensional burning rate vs. non-dimensional ventilation velocity for
n-heptane pool fire [47]

23



A wind tunnel configuration was used to generate longitudinal air flow at the
combustion section to compare flame characteristics and heat transfer mechanism
associated with pool fire of a sooting (gasoline) and a non-sooting (methanol) fuel on

square and rectangular pans as shown in figure 2.8 [48].
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Figure 2.8. Schematics of wind tunnel used in experiments [48]

Figure 2.9 and 2.10 show the results of this experiment for stretching of rectangular
gasoline pool fire with two kinds of orientations to the longitudinal airflow direction.
It was shown that the flame tilted more largely for the rectangular pool fire with longer
rim perpendicular to the longitudinal 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 fuel due 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 of fire-induced
flow temperature distribution along the tunnel ceiling under longitudinal ventilation
condition as a function of ventilation velocity and fire HRR [49]. The correlation was
validated using two sets of experimental data from past reduced scale experimental
results of [47] and laboratory scale data from [50]. Results showed an agreement for

maximum temperature trends between measurements and model along the tunnel.
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Figure 2.9. Flame stretching in 20 x 10 cm pool fires [48]
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Figure 2.10. Flame stretching in 10 x 40 cm pool fires [48]

Atkinson and Wu investigated the effect of downhill inclination on critical
ventilation velocity in tunnels [4]. A model tunnel was used with a height of 24 cm
and colliery arch type cross-section. Propane was used as a fuel in the experiments

feeding via a porous burner. The propane flow rate was varied to generate fire loads
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of 15 and 75 MW in a tunnel of diameter of approximately 5 m. Results showed that

for tunnels with a downhill slope the critical velocity was greater than for the

corresponding horizontal tunnel with no slope as shown in figure 2.11.
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Figure 2.11. Effect of tunnel slope on ventilation velocity [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 driven back-layering
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length and critical velocity in a longitudinal ventilated tunnel [23]. Figure 2.12 shows
the schematics of the setup with fire source and blockage configuration. The
experiments were conducted on various fire-blockage distance. Three different
longitudinal ventilation velocities, 0.5 m/s, 0.75 m/s and 1 m/s were considered in the

experiments.

|¢7 I8m Upstream

Crosswind Anemometers -
- - Vehicular blockage  Fire
1.3m : - souree
— — e — — — — — ——— — — — — — — — — —
—_—
l F * £ 03030 0m
-4 72m £ & :

Figure 2.12. Schematics of the experimental setup [23]

The local ventilation velocity was defined due to existence of blockage upstream of
fire as given in equation (2.21). In this equation, A1 and A are the cross-sectional area
of the tunnel and the vehicular blockage respectively and Viocal is the local ventilation

air flow velocity imposed on the fire region.

ARy (2.21)

According to the results of the experiments with a range of HRR between 50 — 100
kW, global correlations were derived for backlayering length as well as critical
ventilation velocities for blocked tunnels, which are given in table 2.8. It was found
that with increase in blockage-fire distance, both the back-layering 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 non-dimensional correlations for blocked fire [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

P ] (&) @<o021<33H

Aq-A TT
{—‘M 2432 (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 (Zukoski number) based on tunnel height

Q':dimensionless heat release rate (Zukoski number) based on hydraulic tunnel diam eter

L  :dimensionless backlayering length

The 1/13 scaled model tunnel which was modified for use in current research was
previously used to conduct a series of experiments on the blockage effect of vehicle
mock-ups prepared by wood cribs on the HRR inside the tunnel with longitudinal
ventilation velocities ranging from 0.5 m/s to 3 m/s [25,26]. In this work, the ratio of
the cross sectional area of the wooden objects to the tunnel cross sectional ratio was
defined as the blockage ratio (BR). The variation of maximum HRR with ventilation
velocity for different BR values are shown in figure 2.13. It was shown that as the BR
increases at constant air velocity, the HRR also increases. In addition, it was seen that
as the air velocity is increased after some point, the cooling effect of the ventilation
becomes dominant and the HRR starts decreasing at constant BR. It was concluded

that temperature values along the tunnel increased as the BR increased and that the
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maximum temperature location was shifted to downstream at higher ventilation

velocities. The temperature variation

s along the tunnel could be seen in figure 2.14.
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Pool fires where the fuel level is not kept constant are termed as batch pools.
Burning rates and pool temperature variations of circular 0.2 m batch pool with an
initial fuel layer of 6.5 and 13 mm were studied under quiescent conditions in [51].
The results indicated a two-stage increase in burning rates of n-heptane pool fires in
which fuel bulk boiling occurs in second plateau. It was shown that the burning rates
as well as flame height was increased at 13 mm pool fires. Figure 2.15 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 study. Wang 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 m/s [52]. The experimental setup
was very similar to that of ref. [48]. Two hollow trays as well as an ordinary fuel tray
were used which all had the same area of 0.16 m?. Results showed that merging
increases the pool fire burning rate and flame height up to 100 % given constant fuel
surface area. According to the results, two correlations were proposed to estimate the
critical burning rate for fire merging on the hollow tray in quasi-quiescent and windy
conditions. Airflow was shown to decrease burning rates as the wind speed ranged up
to 2 m/s due 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 profiles [51]
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Effect of side wall on burning rates and flame characteristics of batch n-heptane
pool fires with 225 cm? area and varying length to width ratios were studied in a 1/6
scaled channel with length of 6 m, width of 2 m and height of 0.86 m [53]. It was
shown that the pool-wall distance affects the burning rates in several positive and
negative ways, such as increasing heat feedback from the walls and restriction of air
entrainment, the contribution of which results in peak burning rates to occur at 0.2 m
pool-wall distance. Burning rate results of this study as a function of distance from the
wall are given in figure 2.16. 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 fires [54]. It was reported that lip height could be a controversial aspect

of pool fires, which is dependent on vessel material and pool size.
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Figure 2.16. Average burning 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 steel vessels and the burning rate decreased monotonously for glass
vessels. Square ethanol pool fires ranging from 10 to 25 cm were burnt in unconfined

condition with 0-2.5 m/s cross airflow [55]. Burning rates showed progressive increase
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with airflow velocities in this range, however, this enhancing effect was more

pronounced at smaller pools. Flame length showed similar trends.

2.5 Numerical studies

Miloua and Azzi implemented two combustion models in FDS code to investigate
the effect of different ventilation velocities and fuel pan geometry on the flame shape
and smoke plume temperature of octane pool fire [56]. Model results were verified
using experimental data from a full-scale 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 Concept (EDC) and the
mixture fraction methods were used. The heat transfer through walls of tunnel was
modeled with adiabatic and non-adiabatic wall boundary conditions. It was noted that
the critical velocity was considerably affected by wall conditions meaning that for a
good prediction of temperature, accounting for the heat loss through walls was
important as shown in figure 2.17. The EDC model was believed to give more
quantitatively correct values.

In the work by Nilsen and Log, several full-scale fire tests 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 far the results 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 back-layering length, blockage effect and flame length of the tunnel
fire, Wang [58] used FDS code with implemented EDC 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 which was overcome in
a numerical simulation. The dimensions of the large scale tunnel was similar to

experimental data used by [56].
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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 m/s (a) 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/s, (b) at a ventilation rate of 2.0 m/s [56]

The fire source was octane pool fire at central position in the tunnel with a
cylindrical blockage in the upstream of fire and ventilation velocities ranging between
0.5, 0.85 and 2 m/s. The verification of numerical model was achieved by comparing
results for smoke temperature and backlayering length with experiments. Figure 2.18
shows results of the model which match the experimental data to a good degree. As
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
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Shorab et al., [59] compared two types of numerical 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 one-dimensional models which divide the compartment into small
number of volumes with uniform properties. Heat 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
radiation and combustion models. Using the CFX model, detailed resolution of flow
field and temperature profile was achieved. In the CFX simulations, volumetric heat
source model was used which doesn’t take the combustion chemistry into account. The
results of the paper showed that the maximum smoke temperature achieved in the fire
room is approximately 400 K in 24 min from start of combustion. The CFX

simulations also captured flame tilt in the flow direction.
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CHAPTER 11

EXPERIMENTAL SETUP AND METHODS

The scaled model used in this study was constructed based on Froude scaling. The
model represents a bored underground metro tunnel in Istanbul, Turkey. The real scale
tunnel has a diameter of 5.2 m and cross-sectional area of 20.75 m? [25,26]. The cross-
section of model is composed of a rectangular base and an arched roof. Figure 3.1
shows the schematics of the real tunnel and model cross section. The model is 9 m
long, 0.4 m wide and the height is 0.36 m. The structure is made of steel and is
insulated on the outside using rock wool of 0.05 m thickness. There is a 2.5 m
“upstream section” where flow straightener is used to rectify the airflow. The next 1.5
m is defined as the “combustion zone” where pool fire tests are conducted. There are
openings on both sides of this combustion zone, with one providing access to the inside
of tunnel for placement of fuel and the other as an observation pane. The remaining 5
m was termed “downstream section”. The airflow was supplied by an axial compressor
which takes in the air at laboratory temperature, which is for the most part, almost
constant throughout the experiment seasons at 24+2 °C.

The entrance of the tunnel was connected to a plenum that was used to dampen the
airflow from the compressor. The incoming air passed through the flow straightener
in the entrance compartment of tunnel. Figure 3.2 shows the experimental setup.
Airflow velocity was measured and its uniformity ensured by hot-wire anemometer in
both downstream of the flow straightener and in the combustion zone, upstream of fire.
The measurements were conducted at 5 cm height intervals at the center of the tunnel
cross section by traversing 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

maximum non-uniformity of airflow was found to be around 5 %.
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3.1 Instruments

3.1.1 Gas temperature

K-type thermocouples with wire diameter of 0.5 mm were implemented along the
model tunnel to measure the gas temperature. Figure 3.3 shows thermocouple and tree
configuration and dimensions. For ease of data logging and saving, thermocouple
location, connection series humber and distance from ceiling were designated using
indicators. For instance, TU200/30 means thermocouple is in the upstream section
connected to port number 200 and is at 30 cm distance from ceiling. Apart from the
tree configurations shown separately, other thermocouples were fixed 4 cm below the
ceiling to measure smoke layer temperature. Thermocouples were Nickel and Nickel-
Chromium alloy and could measure temperatures up to 1200 °C with a readability of
+2.2°C.

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

+ 1l +

® o) ® ®
30 30 30 30 0 25 gf 25 25 25 25 © 25 25 70 2
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& pe=
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Downstream Section Combustion Section Upstream Section

Figure 3.3. Thermocouple configuration along the tunnel (dimensions are in cm)
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Temperature data were logged using an Omega OMB-DAQ-3005 data acquisition
system with an expansion module connected to a computer. The data acquisition
system was grounded using a wire connecting the device to a pipeline as suggested by
the instrument manual. DaqView software was used to record the data with a 1 Hz

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

Figure 3.4. Data acquisition pack with connected thermocouple

Figure 3.5 shows a typical temporal history for recorded tunnel ceiling temperature
during experiments. As can be seen, gas temperatures started to rise after a short period
of time and almost reached a steady value during the steady state burning phase of fire,
and decreased in fire decay period (also refer to figure 2.2). Enough time was allowed
before the fire tests according to the thermocouple response times to ensure accurate
quasi-steady 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 using A&D GX-K and
RADWAG 25-R2 load cells with internal stability feature and a readability of 0.1 g at

a sampling frequency of 5 Hz. Air tightness around the balances was ensured to avoid

draft effect on devices. The balances were connected to a computer 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 APP-R.2 precision load cells

The derivative of mass loss history was used to obtain the mass loss rates. The

burning rates of the fuel was then defined as the mass loss rate per unit area of the pool

as in equation (3.1) and (3.2). The burning rates could be reproduced to within

+0.0015-0.002 kg/m?s. Figure 3.7 shows a typical mass and burning rate history taken

from experiments.

dm  /dt

fu

Burned
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Figure 3.7. Typical mass history and calculated burning rate curves taken from
experiments

3.1.3 Species concentration

Species concentration data was used to estimate the chemical HRR of the fire due
to oxygen consumption calorimetry method discussed in section 2.2.2. The flue gas
analyzer probe used in the experiments was a TESTO 350-S with O,, CO and CO;
modules as well as temperature and pressure gauges, which was mounted downstream
of the fire. The device is shown in figure 3.8.
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Figure 3.8. TESTO 350-S gas analyzer

3.1.4 Radiative heat flux

In order to measure radiative heat flux to upstream of the fire source during part
one of the experiments, HUKSEFLUX SBG-01 water cooled heat flux sensor was
mounted in the tunnel at two different orientations. The device is shown in figure 3.9.
Water cooling was maintained as prescribed by device operation guide, to ensure that

errors related to conductive heat transfer on the sensor measurements were minimized.
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Figure 3.9. Hukseflux SBG-01 radiative heat flux sensor

3.1.5 Visualization
Flame images were captured using a high speed camera with Ethernet connectivity

and a Nikon camera. The images were used in some of the experiments to investigate

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

Liquid pools as a fire source are one of the most commonly used methods in the
literature to simulate fire scenarios of different magnitudes [20,47,48,60]. The
frequency of their use is due to their easier handling and also the fact that liquid fuel
spillage is also one of the causes of tunnel fires [1]. A vast range of liquid fuels have
been used as the pool fire source in literature such as heptane, ethanol and Diesel fuel
among others. Pool fire research has been around for decades, with pioneering work
by Blinov and Khudiakov [61] and Rasbash [62] followed by more recent experimental
studies on combustion and burning properties of pool fires that classify different
phenomenon associated with hydrocarbon fuel, pool type, pool size, heat transfer
regime and flame characteristics [63-66]. An informative summary of relevant studies
is given in [67]. There are various physical and chemical phenomena taking placing
during pool fire including conductive, convective and radiative heat transfer, fuel
heating and evaporation and diffusion of species and flame which all make study of
the pool fires even more complex. Analysis by Hottel indicated that generally
speaking, there are two distinct regimes associated with pool fires; a radiation
dominated burning regime for large pools and a convectively dominated one for
smaller pool fires [64].

Studies suggest that at small pool diameters, i.e. 0.1 m, the conduction effects are
more dominant. Between diameters of 0.1 and 0.2 m the effects of conduction reach a
minimum and mass transfer is dominated by convective heat transfer from the flame.
At larger diameters due to increasing flame radiation, the effect of convective heat
transfer also decreases. Finally, a maximum burning rate is reached for large enough
pools due to radiation blockage at the center of the pool [67]. Figure 3.10 shows the
major heat transfer regimes in a typical pool fire. There is a usually an evaporation
layer where fuel temperature is at its boiling point. Below this layer a preheating layer
exists where fuel temperature varies exponentially and below that, the fuel temperature

is almost constant.
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Figure 3.10. Main heat transfer regimes in a pool fire [68]

In this study, square pools were used due to their easier construction and
maintenance. Considering the width of the model tunnel which is 40 cm, three pan
sizes were used having inner edge length of 10, 15 and 31 cm. keeping in mind the
geometry of the pans, the inner edge length can be defined as the side length inside the
square fuel tray, which has an approximate wall thickness of 8 mm. This puts them
into small (10 cm), medium (15 cm) and medium/large (31 cm) categories considering
definitions by Hottel and Ditch, adding versatility to the ranges of the experiments in
the research [64,67]. In terms of the flow regime, according to Drysdale [69], the pool
sizes in this study can be categorized under “transitional flow” at quiescent conditions,
however, due to the confined conditions of the tunnel as well as existence of airflow,
the pool fire combustion of this study can be considered as turbulent. The pool fires
were burned in either single or dual (in part two of experiments) pool orientations
placed centric in the combustion zone along the longitudinal axis of tunnel. The inner
height of the steel pool vessels was approximately 2 cm for 10 and 15 cm pools and 1
cm for 31 cm pool. Thermal conductivity of the vessel was approximated as 50 W/m.K

at 20°C and its density as 7.85 g/cm?®. Heat loss through the bottom side of the vessels
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were minimized using insulation. The fuel level was not kept constant during these
experiments; thus, the lip height (freeboard height) varied according to the amount of
initial fuel layer (i.e. pool depth). Ethanol was used as the fire source throughout the

experiments with thermos-physical properties given in table 3.1.

Table 3.1. Ethanol fuel properties

Molar mass Density | Boiling point | Specific heat Heat O_f
(g/mol) (g/cm?3) °C) (3/mol.K) combustion

' (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 consecutive late
spring/summer periods. Due to the nature of the experiments, the airflow supply
properties and heat transfer from tunnel structure to surrounding could become an
important factor affecting repeatability of the results. However, since the airflow was
supplied from the compressor placed indoors, making it less prone to outside
conditions, and the tunnel was properly insulated, it was believed that such effects
would not be considerable. The experiments were conducted at least two times.
Randomly selected experiments were performed three times. The results for HRR and
burning rates were then given based on the average from the repeated experiments.
Liquid fuel storage, preparation and use in the tunnel was carefully handled to avoid
unwanted disturbances. Before the pool fire experiments, a warm up test was done
with some amount of fuel to ensure uniform pan and tunnel ambient temperature

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

also discussed.

3.3.1 Effect of tunnel wall coating material

Radiation from compartment fires is among the topics for which only a limited
number of work is available in the literature. Besides, fire spread due to thermal
radiation to the upstream is also known to be a safety hazard in tunnels. According to
NFPA standards, the threshold water saturated temperature human respiratory tract
burnout is 60°C and radiative heat flux with maximum of 30 min exposure for skin
burns is 2.5 kW/m? [7]. As discussed in section 2.4.1, simultaneous effects of tunnel
wall coating type and pool depth variations on the radiative heat loss from the
ventilated pool fire as well as the burning characteristics were investigated as the first
part of the research. Ethanol was used as the pool fuel due to its non-sooting flame
characteristics which reduced the complexity of interpreting the results of measured
radiation fluxes. Figure 3.11 shows the modified experimental setup used in these

experiments. The wsnhole length of the model is not depicted in this figure.

Absorptive/Reflective material

Tap water

. 1.50 m ———————»

Upstream <

Figure 3.11. Modified experimental setup due to wall coating tests
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In order to evaluate the effect of wall coating, two types of isolation material having
opposite emissivity characteristics were applied to the combustion zone as seen in
figure 3.11. A highly emissive black-painted anodized aluminum coating with an
emissivity of approximately € = 0.85 and a highly polished steel with reflectivity of p
= 0.9 at 300 K were used. Grey diffusive opaque surface was approximated for the
coating materials. Table 3.2 lists the parameters and variables for these series of
experiments. The 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 was to 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 velocities higher than 2.5 m/s which 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. The increment 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 speeds. Pool depth was varied between 0.1 and 0.3
cm. This range of pool depth put the pool fire partly in the spill fire or thin-layered
pool fire category, for which limited data was available in the literature.

The maximum pool depth (measured from pan bottom to fuel surface) was 0.3 cm
corresponding to approximately 300 ml of fuel. The reason for selection of this range
was to 1) compare different behavior of thin layered pool fire 2) minimize fuel usage
due to large pan size in this part of the experiment since increased pool depth case
studies would also be investigated at other sections of the research and 3) due to the
geometry of the pan, the effect of freeboard height was thought not to be significant at
this pool depth range (less than 1 cm). The radiative heat flux was measured in the
upstream of fire using the water-cooled radiometer. The two radiometer configurations
used in the experiments are shown in figure 3.12. The 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 variables due to tunnel wall coating tests

Pool size [cm] 31

Pan inner height [cm] 1

Pool depth, D [cm] 0.1, 0.2, 0.3 (equal to 100, 200 and 300 ml)
Wall coating Reflective (p =0.9) Emissive (e = 0.83)
Ventilation velocity [m/s] 0,05,1,15,25

Ventilation temperature [°C] 24+2

In case of the vertical orientation, the aim was to achieve a qualitative idea of the
effect of different wall coating by measuring the back-radiation which will be majorly

from the walls.

Horizontal Vertical
o v o -~
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Figure 3.12. Horizontal and vertical radiometer orientations used in wall coating
experiments

3.3.2 Adjacent pool fires

In an attempt to address effect 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 zone and the pool orientations in this part of
the experiments is shown in figure 3.13 with the arrow showing the ventilation
direction. Details regarding experiment variables shown in this figure as well as other
test conditions are given in table 3.3. Due 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 3.13. The pools were assigned as P1 and P2 in dual pool fire tests and
rim edges of pools are flush with each other. The maximum ventilation velocity was
limited to 1.5 m/s in these series of experiments due to intense turbulence induced by

secondary fire which affected the balance readings at higher ventilation velocities.

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

Load cells

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

Considering the pool sizes and geometry, initial fuel mass of 40 g and 80 g was
used for 10 cm pool cases which corresponded to 0.5 and 1 cm pool depth. As for the
15 cm pool cases, 40, 80 and 178 g fuel was used which corresponded to an extended

0.22, 0.45 and 1 cm pool depth range. Affected by tunnel width and pool sizes, the
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separation distance was varied between 4 and a maximum value of 8 cm for the 10 cm
pool and was kept constant at 4 cm for 15 cm pools. Separation distance below 4 cm
was not considered since the induced flame from the adjacent pool resulted in unstable

balance readings. Airflow humidity was around 60+5 % throughout the experiments.

Table 3.3. Experiment variables due to multiple pool fire experiments

Pool dimension, L [cm] 10 and 15
Initial fuel mass [g] 40, 80 and 178
Initial fuel temperature [°C] 2442

Pool depth, D [cm] 022-1
Airflow velocity [m/s] 0,05,1and 1.5
Pool separation distance, S [cm] 4 and 8
Pool-wall distance, W [cm] 3-8

Airflow temperature [°C] 2442

3.3.3 Effect of tunnel blockage

The effect of obscured flow on changes of critical ventilation velocity, HRR and
tunnel ceiling temperature in case of blocked tunnel fire were investigated in these
series of experiments. Table 3.4 shows the experimental variables for tunnel blockage
experiments. By this point in the experiments, the effect of pool size and pool depth
on burning characteristics of fire had been investigated and due to this reason, only 15
cm pool fires were used in 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 category which is less dependent on a dominant heat transfer regime [67].
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 edge-to-edge 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 blockage on the burning rates would 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 further upstream due to possible effects on the entering

flow (especially in case of metro mock up).

Table 3.4. Experiment variables due to tunnel blockage tests

Pool size, L (cm) 15
Pool depth, D (cm) 0.45
Ventilation velocity (m/s) 0,0.5,1,and 1.5

Blockage-fire distance, S (cm) | 5, 15 and 30

L/S 3,1and 0.5

No Blockage 0(L/S=0)

Blockage dimensions,

L1x L2 x L3 (cm) Car mock-up 30 x 15 x 12

Subway car mock-up 70 x 30 X 24

No blockage 0(L/S=0)
AB
=14
Car mock-up A
Blockage ratio (%) !
A
> =56

Metro wagon mock-up A

52



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 distance. In order to simplify the production of mock ups,
rectangular obstruction in form of a typical road sedan car dimensions and a metro
wagon were 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 of modified combustion zone at tunnel blockage experiments

3.3.4 Effect of tunnel inclination

The effect of uphill and downbhill inclination on smoke movement, backlayering
length, critical ventilation velocity, and gas temperature distribution was investigated
by generating slopes up to 6 % according to table 3.5. Ventilation velocity to the tunnel
was varied from quiescent condition up to 1.5 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 of 0.25 m/s to better capture smoke movement at

different ventilation velocities due to inclination effect of tunnel.

Table 3.5. Experiment variables due to inclination tests

Pool size, L (cm) 15

Pool depth, D (cm) 0.45
Ventilation velocity (m/s) 0,05,1,and 1.5
Inclination grade (%) 0, £3, +6
Inclination angle (deg) 0,+1.72,+3.43

Schematics of the experimental setup can be seen in figure 3.15. Steel supports were
used to hold the tunnel model while the tunnel grade was adjusted using a lift (for
downhill inclination) and a crane (for uphill inclination) mounted on the model during
the experiments. Due to physical restrictions, a maximum of +6 % grade was applied
in the uphill (positive) inclination case study while the negative slopes were only
performed at -3 %.

e 1 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

The HRRs and burning rates of different fire scenarios investigated within the range
of this research were calculated based on measured oxygen depletion values according
to equations (2.11) and (2.12) and derivation of the mass loss history according to
equations (3.1) and (3.2) based on load cell measurements, respectively. Such
experimental measurements are prone to an uncertainty due to inaccuracy of
equipment, random variation in measured quantities, and approximations which reflect
in a combined uncertainty of the final result [70]. The following equation is suggested
for calculation of the “best-estimate uncertainty” of R which is a function of n

measured variables xi, Xz, ..., Xnas blow [70].
R
o, = (Y o, — ) iR = (XX, %,) (3.3)
- L OX, |

in which o, is the uncertainty estimate of measured variable xi. Equation (3.4) gives

the combined relative uncertainty as a function of estimate uncertainty [71].
ug =23 | ——u, )" == (3.4)

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 HRR and burning rates reported in the
research. The burning rate is a function of mass loss rate and pool area. From equation

(3.1), with slight modification of scan number notion, one can write;
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Critical operating conditions were selected based on the previous discussions in this
section regarding the pool depth and ventilation velocity. In doing so, limiting cases
of 31 cm pool fire with 0.1 cm pool depth at 2.5 m/s ventilation velocity and 10 cm
dual pool fire case with 1 cm pool depth at 1.5 m/s ventilation velocity were selected
and the fuel mass data from the quasi-steady state burning phase, the refresh rate of
the balance and the resolution of ruler were used derive the relative uncertainties. The
maximum refresh rate of the load cell used in the study was 10 Hz. The relative
uncertainties of measured pool surface area for the 31 and 10 cm pool sizes were
estimated to be 0.3 % and 0.7 % 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 based on the sampling rate of the measurements.
Table 3.6 gives the calculated relative and combined uncertainties for burning rate

calculations. Maximum combined uncertainty was found to be 1.5 %.

Table 3.6. Relative and combined uncertainties associated with burning rate
measurements

1 cm pool depth 0.1 cm pool depth
Mass (Q) u, U, Mass (g) u, u, .
m, 47+0.2 | £0.0042 64.1+0.2 | £0.0031
0.015 0.008
m, 27+0.2 | £0.0074 40.8+0.2 | +0.005

The combined uncertainty for burning rate calculations given in table 3.6 was
calculated as a function of relative uncertainty of measured net mass, time interval and

pool area from equations (3.4) and (3.5) as;
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in which the relative uncertainty of mass variation in the steady-state interval was

calculated due to equation (3.7).

2
|—m2 O0AmM | |—m1 O0AmM | 12

| | (3.7)
L

um2| + m
Am 8m2 J |_Am 6ml J

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 combustion constants. In order to simplify the calculation of the derivative terms
in the estimated uncertainty equations, , the relative uncertainties of heat release of

combustion per unit volume of oxygen and CO, i.e. thee’, E" terms, x ¢, (assumed

constant) and x 2, terms were neglected. The HRR can then be written as a function

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

concentration as seen in equation (3.8).

Q=f(ELE" 4V, X[ Xgy Xg,) > Q= TV, X))
Ayo XA x° xA o xo

0,’ M co,"Mco,"Mco’'Mco’ M H20

3.8
¢=f(X§2,X (3.8)

) 4= (X))

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 method [72].

With that in mind, the combined uncertainty for the heat release rate was calculated
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according to equations (3.9). by neglecting 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

v o9 1 Tx!2 a0 7|

ug = +( ——u; | +|— —u |
LQ N J [ @ o, ] (3.9)
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in which the 50 /ox . derivative term was calculated by below assumption for

oxygen depletion factor;

X° - x*
PR L (3.10)
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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 combined uncertainties 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 obtained in the selected 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 due to uncertainty 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 literature [72]. According to the results, the average estimated
combined uncertainty of the experiments was 16 % which tends to decrease to 9.4 %

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
“ X, Us y X5, 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
accompanied parts of the experiments. The FDS is a Fortran based model that solves
a form of the Navier-Stokes equations appropriate for low-speed, thermally-driven
flow using a finite difference solver with an emphasis on smoke and heat transport
from fires developed by National Institute of Standards and Technology (NIST) [15].
The general procedure for simulation of a test case in FDS was as follows; An input
file was generated that contained information about the mesh size and dimensions, the
geometry of the domain, material properties, ambient conditions, combustion model,
solver type and desired output data. The materials for instance, were defined by their
thermos-physical properties such as conductivity, specific heat, and burning
characteristics. The input file was then read after initiation of the FDS solver. Solver
parameters were also assigned prior to run. After obtaining the results, output files
were post-processed using SmokeView software. In this chapter, a review of this
model and the corresponding conservation equations are discussed which are generally
based on FDS user guide and technical reference guide documents [15,74].

4.1.1 Fundamental governing equations

The conservation equations for mass, momentum and energy employed in FDS are
summarized as given in equations (4.1) through (4.4) with the assumption the fluid is
treated as perfect gas and stress [74]. It should be noted that these fundamental
equations are practically similar to their counterparts used in other CFD models with
specific approximation and simplifications applied according to the type of problem

and the code.
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The mass conservation equation in general form is as follows;
L V.pu=m/" (4.1)

And in terms of mass fractions for individual gas species,y_ , it can be re-written

as,;

0
g(pYQ)JrV.pYau:V.(pDaVYa)+m(;"+ m. (4.2)

The momentum and energy equations are as follows;

j—t(pu)+V.(puu)+Vp:pg+fb+V.rij 4.3)

L

0 D . .
—(ph)+V.phu:—p+q’”—qb—V.qt’)'—V.q"+g (4.4)
ot Dt

in which the bold quantities represent vectors and -, is the stress tensor in three
dimensional form, f, is the external force vector excluding gravitational forces, q” is
the volumetric heat release rate due to chemical reactions, q. is the energy flux to

evaporating fuel droplets, q” represents the radiative and conductive heat flux vector

and ¢ is the energy dissipation factor due to viscosity of the fluid which is modelled in

FDS as in equation (4.5) with s as the strain tensor and . as the dynamic viscosity of

fluid;

gzrij.Vu:,u(ZSij.Sij—g(V.u)z) (4.5)
3
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This is a crucial part in distinguishing between different CFD codes as they model
this term differently. Simulation of turbulent flows by numerically solving the Navier—
Stokes equations requires resolving a very wide range of time and length scales that
can be achieved via Direct Numerical Simulation (DNS). However, DNS is
computationally heavy and impractical in engineering systems with complex geometry
or flow configurations. This has led to development of alternative turbulence models
such as the k-epsilon or k-omega models that include additional transport equations to
represent the turbulence properties of the flow by satisfying the momentum equation
closure. These models have the advantage of simplicity and cost effectiveness.
However, due to the fact that the root of these models are from time-averaged
approximation of the conservation equations of fluid dynamics and would not be able
to account for the evolution of large-eddy structures characteristic of fire plumes and
the transient nature of it, their application to fire simulations are limited [75]. LES
technique, on the other hand, is a viable alternative to the computation heavy DNS
methods and could be applied to model the turbulence in fire applications. In a LES
model, the larger eddies which account for most of the mixing process are calculated
on the numerical grid while the smaller scaled eddies are modelled using subgrid
closure models. Therefore, the equations for LES are derived by applying a filter,

parameterized by a width A , to the mass, momentum and energy equations and solved

for the large eddies. For instance, the filtered density for a cell of width A in one

dimension is as equation (4.6) below.

X+A /12

px.)y== [ p(r.t)ydr (4.6)

In default mode, FDS uses the Smagorinsky subgrid closure model to account for

the thermophysical and transport parameters, such as viscosity in equation (4.5),

thermal conductivity and diffusivity, in modelling of the smaller eddies, as follows:
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k :&;(pD)I,LES :lusl_i (48)

LES
Prt .

in whichc _is an empirical constant set to a default value in FDS to provide

numerical stability, A 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 give the subgrid values for dissipative terms as a function of the
computed resolved quantities (denoted with bars above the quantities, i.e. the strain
terms) to be used in closure of the momentum transport equation. All spatial
derivatives in the governing equations are approximated by second-order finite
differences and the flow variables are marched in time by utilization of “explicit
second-order predictor-corrector scheme” which is a well-known method in the CFD
and numerical research community. Details of this updating method along with the
details of decomposition of governing equations in the numerical model can be found
elsewhere [74,76].

4.1.2 The combustion model

Two types of combustion models can be applied in FDS. In default mode, FDS uses
mixture fraction model. which will be discussed in this section, and a more detailed-
model which accounts for individual gas species reaction according to specified
Arrhenius reaction parameters only available in a DNS simulation. In combustion
applications, “the mixture fraction is a conserved quantity traditionally defined as the
(mass) fraction of the gas mixture that originates in the fuel stream” and is a function

of space and time, denoted by z (x,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

reaction between fuel and oxidizer can be assumed fast and complete, then the
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combustion can be called “mixing controlled”. This would imply that species fractions
included in the reaction can be represented by the mixture fraction and, in a simple
form, can be calculated through utilizing a single transport equation for the mixture
fraction. In order to reduce computational time on solving species transport equations,
FDS limits the number of species. This simplified approach usually involves six gas
species of fuel, Oz, CO2, H20, CO and N plus particulate matter. Considering the

single-step reaction of fuel and oxidizer as equation (4.9) below;

cC.H yOZNaM b T V6,0, 2 Ve,CO,+v, ,,H,O+v CO +v .S (4 9)

+v N, +v, M

in which S is the soot which is assumed a mixture of carbon and hydrogen, M is the

additional product species lumped into a single term, v_ and v, are the stoichiometric

coefficients of soot and CO calculated based on default values given in the FDS model

for the soot and CO yield. The mixture fraction can then be defined as equation (4.10);

MW MW MW

fu fu fu

Z=Y_+ Yo, + Yo+ Y (4.10)

fu COo2 co S

xMWCOZ xMWCO XMWS

which satisfies the conservation equation;

DZ
pE:V.pDVZ (411)

The mixture fraction (Z) is then decomposed in two partitions as below such that
the sum would be equal to (Z). In 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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MW MW MW (4.12)

Transport equations are then solved for Z components separately and as the ultimate
result, the mass fraction of species present in the combustion are then recovered as a
function of these components (i.e. v,(z,,z,) ) by matrix manipulation after each time-
step [74]. The HRR of fire is the calculated based on rate of the fuel consumption in
each grid cell obtained directly from the solution of the mixture fraction (Z) and the
heat of combustion of the fuel. Also, in a more simplified method, the HRR of the fire
known from experimental measurements or estimated through empirical formula is
directly input to the code. The transport equation for each of the lumped species

z, and z, has the same form as equation (4.13).

d
—(pZ,)+V.(pZ,au)=V.(pD,VZ )+m"+m, (4.13)
ot ‘

in whichz  is the species mass fraction,m.”, is the production rate of species by
evaporating droplets or particles. The diffusion coefficients (o ) of implicit species

are chosen so that the sum of diffusive fluxes (= pp,vz,) is zero. The code advances

the flow velocity in time by estimating the thermodynamic variables at the next time
step, computing the divergence term, and then by solving an equation for the pressure
ensures the divergence of the updated velocity is identical to that computed from the

thermodynamic variables.
4.1.2 Radiative transport equation

The radiative transport equation for a non-scattering medium is defined in FDS as
in equation (4.14) [74].
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s.VIL(x,8) = & (X, A)[1, (x) - 1,(x,8)] (4.14)

Inwhich, (x) is the source term due to Plank equation as a fraction of the blackbody
radiation, 1, (x, s) is the radiation intensity at wavelength 2 for which s is the direction
vector and « (x, ) is the local absorption coefficient. Since in practice the spectral (1)
dependence cannot be solved accurately, the radiation spectrum in FDS solutions is
divided into a relatively small number of bands and a separate radiative transport
equation is derived for each band. Also, due to soot being the most important source
of thermal radiation in fire, and the fact that radiation spectrum of soot is continuous,
the gray medium assumption can stand. The spectral dependence can then be lumped

into one absorption coefficient and the source term 1, (x) will be calculated by equation

(4.15).

L,(x) =T (x)" Iz (4.15)

In a FDS simulation, the absorption coefficient is calculated based on tabulated data
as a function of mixture fraction and temperature. In calculations where mesh cells are
in order of a centimeters or larger, the temperature near the flame surface cannot be
approximated, so the source term is modeled as a specified fraction of the energy
generated (Xrad) Which is assumed to be emitted as thermal radiation. This value is
estimated in the model according to the data in the literature. In the outside the flame
region, there is more confidence in the temperature field, the source term can computed

according to equation (4.15).

4.1.2 Numerical grid

The FDS calculations are performed within a rectilinear mesh domain. This is a

limitation posed by the FDS code which requires the input mesh to be structured.
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However, it is possible to run a simulation based on multiple meshes in FDS with
different grid sizes each assigned to a separate CPU. In this work, the computational
grid was constructed according to the geometry of the tunnel model. The domain
accounted for 6 m of the length of the tunnel, including upstream, combustion zone
and a part of downstream section, as modeling the rest of the downstream was not
relevant to required results and also helped save computational time. The roof of the
constructed tunnel is arch type which was simulated in the numerical model using solid
blocks. The mesh was consisted of three resolutions considering the computational
intensity of simulations. The mesh size was calculated based on characteristic diameter
of fire using equation (4.16).

Q 215
2

D' = (——
p.c,T.9

(4.16)

A value of b divided by cell size ranging from 4 to 16 was suggested in the FDS
guides to be adequate for the LES solver as well as fine enough to capture fire
dynamics [74]. In order to test the mesh sensitivity of the model, two types of mesh
resolutions with cell sizes within the limits of 4 < p"/dx <16 were generated which
differentiated in the grid sizes for the combustion section. The average grid sizes for
both meshes were approximately 4 cm in X, y and z directions in the downstream
section and 2 cm in the upstream. The cell size for the combustion zone section in
“mesh 1” was 1 cm while the same value for “mesh 2” was a refined 0.5 in spatial
directions. Therefore the total number of cells for mesh 1 was 285,120 and 2,049,000
for mesh 2. Figure 4.1 compares the HRR values obtained by experiments and
simulation results using mesh 1 and mesh 2 for a sample test case from experiments at

0.1 and 0.2 cm ethanol pool 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 not show considerable variation,
bar a slight decrease in over prediction of HRR from FDS, it was decided to use mesh
1 in the simulations which resulted in the immensely improved run times, while still
taking 20-25 hours to complete in an Intel-core-i5 personal computer with sufficient
memory. Figure 4.2 shows the grid based on mesh 1 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 that 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 predicted rather than specified as an input to the code, this was also observed
in the predicted results presented in this study (4) The mixture fraction combustion
model assumes that combustion is mixing controlled, and that the reaction of fuel and

oxygen is infinitely fast which limits model predictions in under ventilated
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compartment fires and (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 10 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 of pool fire experiments on the reduced scale tunnel
model are presented and analyzed in separate parts for the case studies explained in
section 2.6. Each section is categorized into subsections in which an important control

parameter is discussed and analyzed.

5.1 Effects of tunnel wall coating

In section 5.1.1, the effect of pool depth on the radiative heat flux and burning
characteristics of the 31 cm ethanol pool fires are presented at different ventilation
velocities using reflective tunnel wall coating. In section 5.1.2, the pool depth was
maintained constant at 0.2 cm (average among considered cases) and effect of tunnel
wall coating on upstream thermal radiation, HRR and temperature distributions were
investigated. The experimental conditions as well as design criteria were discussed in

section 3.3.1 but details are repeated within this section for ease of access.

5.1.1 Effect of pool depth and ventilation velocity

Figures 5.1 and 5.2 show measured incident radiation as a function of pool depth
and ventilation velocity. The radiometer was horizontally oriented as described in
figure 3.10 and the sensor was flush with the fuel pan lip. It was seen that increasing
the ventilation velocity to the tunnel resulted in decreasing of the incident radiation
due to more fire spread at tilted angles. This trend was more pronounced in case of 300

ml pool fire where prolonged quasi-steady burning phase of fuel was associated with
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longer combustion duration. 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 effect of pool depth became less dominant which was signified by
peak values occurring in range of 2.5-3 kW/m? for 1.5 m/s and 2.5 m/s cases.

> (a)
=* \ — 100 ml
X -~ Ll NPT ¥
fg 4 :‘J \"’ \I\I"\ ———200m]
“
E 33 n """""“'""\ T M = =300 ml
~ 3 T Thasy \ S,
- . ~\ \ o
= ! N, N ’a
g5 L N “~ h N
g \.\ h‘\_ -
I 2 ~_ ~~
> -\ = ”
Z 15 l N \
= . ~
s 1 \ \
S AY
=7 "~ .
0.5 . .
S~ . N
0 ﬁ \ — ‘\-v
0 50 100 150 200 250
Time [s]
> (b)
=43 — 100 ml
&
£ ---200 ml
53.5 ﬁ‘_/\\.__\s\.d\-\\ﬁ-._,\_‘\’ - =300 ml
r _\\
23 ) <~
E / ’,aqn-o\t'\‘\--\-,‘\_\ _\. -a
= 2.5 1~ - \ ~So
B v e -
= 2 J. -~ . "
7] ~~ . \
z 15 :II'I N .
-E " * \ \\
= 1 1 -~ .
é " TN \\\
' e N e
05 - -~
u T
0 C o
0 50 100 150 200 250
Time [s]

72



S (©)
:4-5 — 100 ml
<
g 4 -=-200 ml
53-5 = =300 ml
= ,M""*’ = —‘\...\ T~ ~ o
§25 "‘-"'V'\-v._\ --!--.“\\ -.-.""A.‘
m 2 { . 9'\ . 5\..-\
215§ N \
x
5 1 \. \
p‘; N \_._‘\

0.5 ~ - . ﬂ"'\.,
0 b \
0 50 100 150 200 250
Time [s]

> (d)
_45 — 100 ml
<
g 4 ===200 ml
53.5 - =300 ml
E 3
L‘H - N - T e = == ~ - ~
§ 2-5 ,“.s-gﬂ'—_ﬁ-h\'-"_‘\ - - N
E 2o~ \‘\ ™\
'E 1.5 ‘ \ . \\\ \ -~
.S -~ "'-.‘ ~ -
E 1 ' N * ~— -"'-\_' -~ ~ -
%05 T~ N =,

. M \ \\\

0 T — -

0 50 100 150 200 250
Time [s]

Figure 5.1. Effect of pool depth on incident radiation upstream of fire for (a) 0.5 m/s
(b) 1 m/s (c) 1.5 m/s (d) 2.5 m/s ventilation velocity

Flame tilting also approached a steady value at this point, as seen in figure 5.3 where

images of ethanol flame in 10 cm leading edge (in flow direction) of pool fire are given

at 30 s after pool ignition.
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The camera used in the experiments captured 300 frames per second and the images
were selected randomly at during the quasi-steady state burning phase for all test cases.
The main conclusion was that as the ventilation velocity was increased, the fire tilt
angle increased as well as flame height decreased. This was also reflected in the results
presented in figure 5.2. The HRR flux (HRR per unit area of the pool) and burning
rates of pool fire are given as a function of ventilation velocity and pool depth in figure
5.4. Error bars are given for the measured values in terms of standard error calculated
based on repeated experiments. Assuming the pool fires heat transfer being more
dominated by the convection regime, under forced ventilation conditions of this study,
it can be shown that the burning rate is directly proportional to the Spalding transfer
number and the airflow velocity as shown by equation (5.1) which is given by
Glassman [77] as an exact solution to the forced convective burning of liquid fuel

saturated over a flat plate.

1/2

cu . In(L+ B)

1/2 0.15
X

B

mm d

(5.1)

in which C is a constant and the Spalding number can is given as [78];

The Spalding number contains both environmental and fuel property factors.
According to the burning rate results, there seems to always be a competition between
the enhancing effect of increased ventilation on the burning rate promoting factors of
oxygen availability and mass transfer coefficient and the cooling effect of ventilation.
This shows itself in as an overall result of decrease in burning rate for pool fire in 1
m/s due to cooling effect dominating the pool fire combustion. Increase of ventilation
velocity from 1 m/s to 1.5 m/s enhances the burning rate by increasing the mass
transfer coefficient and oxygen availability (thus increasing the HRR). This
description also justifies the burning rate behavior results in other section of the results

as well. The results indicate that the pool depth has a considerable increasing effect on
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the heat load as well as the burning rates. The maximum heat release rate tends to
occur at 1.5 m/s ventilation velocity except for 300 ml case which peaks at 2.5 m/s.
The numerical model’s limitations regarding liquid fuel combustion resulted in a
discrepancy of predicted burning rates compared to measurements, which was seen 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 test cases. It
could be said that the model over-predicted the 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 velocities. It could
be said that the 1200 ml pool cases were classified as very thin-layered spill fires, which

showed a distinctive trend to increased ventilation.
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Figure 5.4. Variation of (a) HRR flux and (b) burning rate of ethanol pool fires as a
function of pool depth and ventilation velocity — Experiments versus FDS predictions

Tunnel ceiling temperature distribution along the horizontal axis was recorded
during the experiments and the results are presented in figure 5.5 as a function of pool
depth and ventilation conditions. Results indicated existence of a back layering flow
at 0.5 m/s case in which ceiling temperatures as high as 250-350°C were reached in
upstream and combustion sections. The backlayering length extended to at least 0.8 m
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 resulted in increased 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 predictions for maximum 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 radiometer was vertically oriented in order to achieve
an enhanced view factor between the walls and radiometer. Using the highly emissive
black-painted anodized wall coating resulted a considerable decrease in the incident
radiative flux which was more pronounced in the quiescent case (no ventilation) where
a 45 % drop could be measured. At increased ventilation velocities, the gap was
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.
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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 5.7. Results indicated a general increasing trend in the ceiling
temperature across different ventilation velocities for the case of emissive coating

material, especially in the combustion section. It was also seen that coating type had
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no apparent effect on the critical ventilation velocity 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 and (b) emissive coating material
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Figure 5.8 compares 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 the time 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 temperature inside the combustion section as

discussed in figure 5.6.
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Figure 5.8. Effect of wall coating type on NTHR (0.2 cm pool depth)

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

fires in confined conditions under effect of adjacent fire sources. As discussed before,

the topic was of special interest since there are very few reports in the literature
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investigating such a scenario inside confined spaces as well as it covered the potential
safety issues associated with occurrence of secondary fires in tunnel fire accidents.
The results of current experiments conducted with varying pool size, depth and airflow
velocities were used to address these issues. The design criteria as well as experiment
specifications were given in section 3.3.2. The burning rate of pool fires is considered
as one of the most prominent parameters in considering pertinent fire hazards [79].
Interaction between multiple fire sources may result in fire merging and significant
alterations of burning rate behavior and flame heat feedback to fuel surface as also

shown in work by Wang et. al [52].

5.2.1 Burning rate behavior

There are five distinct stages in development of batch pool fires [51,68,79] that
occur in this order: (1) initial fire growth (2) quasi-steady 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 extinction. Studies 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 exist [52]. In this section, the burning rate characteristics of
confined ethanol pool fire was investigated as a function of pool depth, pool size and
interactions of dual pool fires. Based on the observations and magnitude-wise, the
burning rate curves could be categorized in four types.

Figure 5.9 shows the temporal evolution of burning rates for single and dual pool
fires. The numbers in parenthesis indicate burning rate stage. Different staging phases
of burning rates can be clearly identified in these results. In case of dual pool fires, the
interaction between pool fires led to occurrence of fire merging which was associated
to stage 4 on the burning rate curves. The quasi-steady state phase in figure 5.9 (a) did
not occur in most of the test cases which will be discussed. According to the results
and observations, the flame was attached to the windward tray rim and tilted stream-
wise over the pool surface in initial growth and quasi-steady state stages. In following

84



phases, due to fuel boiling and dual fire interactions, the burning rate was enhanced
and flame height increases substantially. Fuel boiling was also 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 the flame was observed
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 conditions (a)
single 10 cm pool,1.5 m/s airflow, 40 g fuel (b) dual 10 cm pools, 0.5 m/s airflow, 40
g fuel (c) dual 10 cm pools, 1.5 m/s, 80 g fuel (d) 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 interactions could cause ineligible fluctuations in load cell measurements.
The burning rate then decreased in 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 transition to stage 4
as seen in figure 5.9 (c) 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 1.5 m/s. However, the
quasi-steady state phase did not occur in dual 10 cm pools nor in single or dual 15 cm
pools. Figure 5.9 (c) typifies the burning rate curves with a single peak magnitude of
0.03 kg/m?s or higher, where intense burning and bulk boiling of the fuel occurred.
Figure 5.9 (d) typifies 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 sections. In order to better explain different heat transfer
phenomena and associated effects on the burning rates, conservation of energy for

evaporating fuel could be established similar to other work elsewhere [68,80,81];

- dm
Q, = h, (5.1)
dt
Thb
h, =h, + L c,,dT (5.2)

whereQ . Is the heat exchange to the bulk of the fuel and h is the heat of gasification

of fuel which includes the latent heat of evaporation,h , and sensible heat of fuel

warming up from initial temperature to boiling temperature.

Q fu = (Q f-rad Qre—rad ) + Qf—conv + Q.cond - Q-Icuss (53)
Qf—conv = Ah(Tgas _Tfu,s) (5'4)
Qf—rad = FO_A(T: _Tfi,s) (55)

where Q,___ is the lumped heat loss from the fuel through conduction and convection,

loss

cémd is conductive heat exchange between fuel and tray, T .. is the gas temperature
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above the fuel surface. The re-radiation from fuel is usually negligible at conditions
similar to present work [64,68]. Constant specific heat may be assumed for the

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

dmu/dt FO—(TA_Tts)+h(Tas_Tus)+(Q.con _Qoss)/A
mm: f — f fu, 9 fu, d ! (5.6)
A h

9

in whichm ™ is the burning rate. Unlike works by [51,54,68,80] which considered
pool fires in quiescent conditions, the effect of convective heat exchange to the fuel
could not be neglected in this work. It was suggested that convective heat transfer can
have major effect on the total HRR in confined ventilated conditions such as present
work [21,64]. Equation (5.6) implied that, assuming a constant heat of gasification for
ethanol, the burning rate depends on several influential factors. According to results

of [51], the term(t__ -7, .) could be assumed nearly constant and then(r, -7, )

term is fairly small in quiescent conditions. If the airflow was accounted for, the
convective term could then be approximated as a function of the coefficient of
convection (h) only. The flame temperature was also almost constant during the
quasi-steady burning stage, whereas it increased in later stages. The view factor of the
flame would have changed with airflow velocity due to flame stretching as well as
effect of pool count. Neglecting heat loss from the bottom of the vessel, major heat
exchange between the tray and surroundings could be assumed to take place in the

windward side where it was affected by airflow.

It is also said that at small pool sizes similar to ones used in this study, Q. 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 stages [51,64]. Due to this effect, the rate of change of
burning rate was slow in early stages of fire development and accelerated in later stages
(see also figure 5.9 (a)). In the early stages of medium and large pool fires however,
radiation from the flame to the fuel surface and convective terms in equation (5.6) were

the dominant regimes which can be attributed to the 15 cm pool size in this study [79].
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It can be concluded that it is very complex to quantify each term in this equation,
however, for practical applications, above discussions could be utilized in qualitative
analysis of burning rate behavior. Figures 5.10 and 5.11 present 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 repeated experiments are given in figure 5.10
(a) as an example indicating the confidence level of experiments. Single 10 and 15 cm
pools were denoted as SP 10 and SP 15 and dual 10 and 15 cm pools were denoted as
DP 10 and DP 15. The burning rates were the measured time averaged peak values as
assigned in figure 5.9.

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 10 and 15 cm pool cases for 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 for 10 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 rates (m7, /m, ) ranged

between 1.375 - 2.25 for 10 cm pools and 1.06 - 1.73 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 fires. It has been documented that air entrainment can have considerable
impact on the burning rate of the pool fire [53]. Therefore, it might be said that a trade-
off existed between reduced air entrainment and increased fire interactions 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 increased in the 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 length in 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 airflow whereas flames extended
3040 % 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 velocities. This increase was steeper for 15 cm pool cases
and at 0.45 cm depth. The slope is changed moving from 0.45 to 1 cm depth. As for
single 10 cm pools, the burning rate at 1.5 cm initial depth was 22 g/m?s (not reported
on figure) which was not increased compared to 1 cm depth. It could 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 burning rates 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 appeared to 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 0.008 kg/ m?s to 0.019
kg/m?s for single and from 0.018 kg/m?s to 0.033 kg/m?s 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 for 15 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 explained by competing
effects of cooling, oxygen availability due to increased airflow [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.

91



0.04

--SP10 -=DP10

0.035 +
] A-SP15 -+:-DP15 -8

0.03 }
0.025 1
0.02 1

0.015 1

Burning rate [kg/m2.s]

0.01 1

0.005 1

(a)

0 0.25 0.5 0.75 1 1.25 15

] --sp10 -& DP 10 i
— 1 -=a-sp1s5 -+-DP 15 ’
o 0.03 I _¢ 7hyet.al[29] g

@ 002 }

(b)

1 1 1 1 1 1 1

0 0.25 0.5 0.75 1 1.25 1.5
Airflow velcity [m/s]

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 could also be inferred that there was a maximum threshold for burning rates of
single and dual 15 cm pool fires at approximately 0.025 kg/m?s after which cooling

effects dominated under tested conditions. This could be attributed to 50 % larger pool
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edge that resulted in increased cooling in windward rim of 15 cm pool cases. It could
also be said that increasing the separation distance to 8 cm had a slight decreasing
effect on the burning rates of 10 cm pool fires, which was resultant effect of increased
heat feedback from tunnel sidewall and non-merging flames. Burning rates of single
10 cm pool fires could be compared with measurements by Zhu et. al [81] at similar
pool size with bottom tray insulation and 95 g initial ethanol. Similar trends could be
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 used in [81] was 42 x 60 cm which
was similar to confined conditions of present study.

Figure 5.12 compares 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 m/s. Burn 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 conduction 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 fires influenced the burn duration strongly. Figure
5.13 and 5.14 show captured flame images of 10 cm pool fires at 1.5 m/s airflow and
initial fuel mass of 40 g for S =4 cm and S = 8 cm respectively. There was a visible
reflection of fire in the left side of photos, 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 in figure 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 effect of tunnel sidewall [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 distance during
pool boiling phase (110-160 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 parameter [27]. To
investigate effect of pool count on the HRR, figure 5.15 gives the normalized HRR

values per unit area of the pools (HRR flux) as a function of airflow velocity.
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As with the burning rates, the values of HRR were that of time-averaged quasi-
steady burning period. It could be seen that increasing the airflow from 0.5 to 1.5 m/s
and the pool depth had an enhancing effect on the HRR flux. This was more
pronounced in case of 10 cm pools as the 15 cm pool fire HRR fluxes were fairly
invariant to this range. The HRR in terms of kW for the dual pool fire cases showed a
considerable increase with respect to single pool fires in the range of 50 % to 126 %
considering 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 that existence of an obstruction in the upstream of a tunnel fire may
have considerable effects on the burning characteristics of the fire altering the safety
measures that need to be accounted for. In this section, results of tests on blocked
tunnel fire using a car and a metro carriage mockup with a blockage ratio of 14 % and
58 % are given. Ventilation to the model ranged from O (quiescent condition) to 1.5
m/s with pool depth of 0.45 cm fixed throughout the experiments. The details of
experiment design parameters were given in section 3.3.3. The car blockage was
denoted simply as ‘car’ and metro wagon blockage as ‘metro’ throughout the presented
results. Results of some cases were also accompanied by FDS model predictions to
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 the ratio of cross sectional area of the blockage
to that of the tunnel. In order to facilitate interpretation of results, the ratio of the square
pool size (L) to the blockage-fire separation distance (S) was used in presented results.
In case of no blockage, the L/S ratio is zero assuming blockage was at infinity. The

ratio entailed that as it increased, the separation distance became smaller. The HRR
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flux from the pool fires were calculated and plotted against the L/S ratio for car and

metro blockage in figure 5.16.
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Figure 5.16. Effect of blockage and separation distance on HRR flux from the pool
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The HRR was calculated based oxygen consumption calorimetry taking into
account O2, CO and CO2 concentrations downstream of fire. The magnitude of HRR
due to this method is influenced by oxygen concentration. This means that in blocked
fire test cases, the flow pattern may have affected the flow distribution at the HRR
measurement probe location. However, since all the measurements were performed at
the same probe location, the results can be qualitatively compared. Also to double
check the calorimetry, by checking the 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, the mass loss rate of fire times heat of combustion of
fuel was calculated at any test point on Fig 5.17 which ensured that the combustion is
complete. Results established a general increase in the HRR flux at elevated ventilation
velocities for constant L/S ratio.

For instance, at L/S = 0.5, the HRR flux showed an 80 % increase at 1.5 m/s car
blockage case compared to 0.5 m/s. At S =5 cm, the effect of ventilation was not as
pronounced. Similar trends were spotted for metro blocked tunnel HRR flux. Although
a general trend could not be observed regarding the separation distance, it was
concluded that blocked fire affects the HRR considerably. At 0.5 and 1 m/s, reducing
the separation distance resulted in increasing HRR flux. At 1.5 m/s, due to increased
airflow, the maximum HRR flux occurred at L/S = 0.5. Similar trends were also
observed in case of metro obstruction. The effect of blockage and separation distance
on burning rates of the pool fires can be seen in figure 5.16. Following 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 at 1.5 m/s. This was also observed in results of part one and two of the
experiments covered in sections 5.1 and 5.2. This was attributed to the cooling effect
of ventilation at 1 m/s which reduced the burning rates (3) vortexes were generated

downstream of the car and metro obstruction which act as a bluff body.
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This was evident from the flame images as well as flow field predictions by FDS
model. The generation of these vortexes at the wake of blockage affected the burning
rates considerably due to changes in the air entrainment and local ventilation velocity.
For the car blocked pool fire, except the 1.5 m/s case, as the separation distance
increased, the burning rate decreased. This trend was not seen at 1.5 m/s case where
due to increased ventilation, the reattachment zone occurred upstream of pool fire at S
= 30 cm, thus increasing the burning rates at higher L/S ratios. The recirculation zone
effect could be seen in the velocity contours at half the height of the blockage on figure
5.18 where the blockage is identified as a white bluff body and the pool is the square
transparent outline at the center. VVortexes generated at the wake of the blockage can
also be seen in this figure. As 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 =1 and L/S = 3 cases. Figure 5.19 shows the flame
images and FDS predicted velocity field for L/S = 0.5 and 3 at limiting case of 0.5 m/s
at similar 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 no visible flame
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 considered in the safety
design parameters. Metro blocked pool fire burning rates showed trends similar to car
blocked fires in terms of burning rates at tested conditions as seen in figure 5.17.
However, due to increased blockage by metro carriage mock-up, the burning rates
were generally lower compared to the car blocked cases and were not as sensitive to

the separation distance.
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for car blockage at 80 s after ignition
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velocity for car blockage at 80 s after ignition
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5.3.2 Temperature distribution

Maximum gas temperature beneath the tunnel ceiling is considered as an important
parameter in the tunnel fire safety and designing of fire-proofing materials and tunnel
structures and is influenced by several factors such as HRR of the fire, tunnel geometry
and ventilation conditions [1,5]. The results of the EUREKA tests also showed that
temperatures more than 300 ° C could damage the steel reinforcement of the tunnel
lining concrete [40]. Measured maximum ceiling temperature along the tunnel for the
car and metro blockage are plotted as a function of tunnel ventilation velocity and fire-
blockage separation distance in figure 5.20. Measurements were made 4 cm below the
arched ceiling of the tunnel. There are several general trends to be observed in this
figure. The effect of blockage on fire dynamics was clear by comparing the
temperature results for non-blocked and blocked fire. There was an increase in general
for the temperature measurements of blocked fire, which agreed with previous results
in the literature.

For instance, at L/S = 3, corresponding to the case of car blocked fire with a
separation distance of 5 cm, a substantial increase in ceiling temperature was observed
in the 300-700 °C region at pool location. It was seen that blockage affected area was
mostly in -0.5 m and +0.25 m range with respect to pool center. At 0.5 m and further
downstream of the fire, the blockage effect at different L/S values was less pronounced
due to reattachment of flow. In general, increased blockage ratio using the metro block
was seen to lower the measured temperatures they did not follow the trend seen at
changing L/S ratios in car blockage cases especially at 1.5 m/s. The effect of
ventilation on non-blocked fire was discussed as part of results in section 5.1. Several
empirical equations have been proposed in the literature that predict maximum gas
temperature below the tunnel ceiling accounting for fire load, tunnel geometry and

ventilation factors.
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Based on scaled model results, Kurioka et al. suggested equation (5.7) for the gas

temperature in which AT__ was defined as maximum excess temperature of smoke

layer at downstream of fire and T, as ventilation temperature [83].

max__ ?/(Q 1/3)8 (57)
F

in which Q is the Zukoski number, or non-dimensional HRR of fire defined in

section 2.2.1. They suggested equation (5.8) for the coefficients as a function of

Zukoski number and Froude number.

%273

y =1.77,& =1.2 for Q
Fr

<1.35

1/3

(5.8)

*21/3

y =2.54,6 =0 for Q
Fr

>1.35

1/3 —

Li et al. [50] proposed similar correlations for the maximum excess smoke layer

temperature given in equation (5.9). Inwhich v'=v /v and v was calculated due
to equation (5.10).

( :
1/? 5/3 v '>0.19
AT, = J e (5.9)
1752 V'<0.19
t H o
V= ( Q.9 ) (5.10)
rpacpTa
Figure 5.21 plots the predicted excess smoke layer temperature (AT, . /T.) .0

given by equations (5.7) through (5.10) versus (AT . /T,) for all tested

X a/ Measured
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considered in the range of 0 < L/S < 3 and ventilation velocity of 0-1.5 m/s using car

and metro blockage. The unblocked fire showed a good agreement with both the
models with negligible differences (figure 5.21 (a)). The blocked fire temperature
results showed a shift to the left hand side of the model line y = x as seen in figure 5.22

(b) which indicates the increase of overall tunnel gas temperature with respect to free

fire as discussed previously. A 4" degree polynomial fit could also be applied to the

results as seen in figure 5.22 (b).

(@)

(b)

(ATmax/Ta) Measured

(ATmax/Ta) Measured

10 o

0,1

Y=X
o
.

T T L | T T L} LI I
0,1 1 10 O Limodel AB/AT=0.14

ATmax/Ta

( ) Model ® Kurioka model AB/AT=0.14
a9 Y=-1240+7.324X-8.112 X? + 4.53 X* - 0.792 X* .
. R — 0790738 A Limodel AB/AT=0.56
] =x
1 y A Kurioka model AB/AT=0.56

T L] ] L I T T T rrnTa I

0,1 1 10

(ATmax/Ta) Model
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5.4 Effect of tunnel inclination

Tunnel slopes, negative or positive, could affect the smoke movement and thus the
critical ventilation conditions required to prevent backlayering. For instance, due to
the buoyancy effect of a negative slope, the critical ventilation velocity is expected to
be greater compared to horizontal tunnel. In order to see these effects and how they
influence other characteristics of tunnel fire such as burning rate and HRR, tests were
performed and results are presented in this section. The fuel depth was constant
throughout these experiments at 0.45 cm and square 15 cm pool size was used. The
ventilation velocity was varied within 0-1.5 m/s with 0.25 m/s increments.

Figure 5.22 shows the effect of inclination on the burning rates and HRR flux of
pool fires as a function of ventilation velocities as well as oxygen concentrations at
probe location for the case of 1 m/s ventilation velocity. The decreasing trend shown
in the burning rates at larger slopes such as 6 % was attributed to the interaction
between cross airflow and fuel tray. Since the fuel tray was fixed at sloped conditions,
the windward rim of the tray acts as a blockage in the flow direction and result in
boundary layer development over the edge of rim. On the other hand, the fixed fuel
tray increased the effective heat transfer area with the airflow from the bottom side at
both positive and negative inclinations, compared to horizontal case, thus decreasing
the burning rate of fire. The combustion is complete in the range of tested ventilation
velocities as checked by the burning rate and HRR results. The maximum HRR occur
at -3 % slope. The peak HRR flux of -3 % (downhill tunnel slope) was 1.42 MW/m?
compared to 0.71 MW/m? at +6 % (uphill slope) at 1 m/s. The HRR was calculated
due to oxygen consumption calorimetry method and is affected by oxygen
concentration of the flue gas. In the downhill inclination, the buoyancy forces of the
hot plume from pool fire propagated to the upstream of fire. In such case, the effect of
incoming airflow was reduced on the pool fire and oxygen (air) fraction decreased in
the downstream section (fire became under-ventilated) as seen in oxygen

concentrations given in figure 5.22.
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In the uphill inclination cases, this smoke flow was reversed due to stack effect and
resulted in decreased oxygen depletion factor of the fire and reduced HRR. Figure 5.23
presents the results of measured maximum ceiling temperatures in the tunnel, as a
function of ventilation velocity and tunnel inclination. As with previous temperature
figures, the x-axis represents the relative location of thermocouples to the pool (0 on
x-axis). The figure demonstrated the following: (1) there was a general constant
decreasing trend due to increased ventilation velocities at any inclination (2) except
for the quiescent case tunnel temperature was increased at -3 % inclined case
emphasizing the effect of downhill inclinations on the temperature distribution
especially at 0.75-1.5 m/s range (3) uphill slopes resulted in increased airflow to the
tunnel due to stack effect and decreased tunnel temperatures with this effect more
pronounced at 0.75-1.5 m/s range (4) critical ventilation velocity was achieved around
0.75-1.25 m/s range for limiting cases of +6 % and -3 % inclinations which agrees
with the data in the literature [4].

And (5) a minimum of 1 m/s ventilation velocity corresponding to 3.6 m/s in real
scale was required to keep the ceiling temperature below 300 °C which is the safety
limit for avoiding tunnel lining damage [7]. The effect of tunnel inclination on the
backlayering length is depicted in figure 5.24. In this figure, the temperature difference
between the tunnel ceiling and the ventilation flow temperature was defined as
temperature over ambient (AT ) and given at upstream locations corresponding to
0.7 H, 1.4 H and 2.2 H with H being the tunnel height. It was clearly seen from these
results that at -3 % inclined case, the backlayering length extends to 2.2 H below
1.25 m/s ventilation velocity.
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It was seen that increasing the uphill inclination from horizontal position to 6 %
resulted in a lower ventilation velocity of 0.75 m/s to prevent backlayering. However,
it could be said that this value would be slightly larger considering AT for 6 % case at
0.7 H upstream position. Backlayering length of horizontal tunnel and 3 % inclined
case was zero at 1 m/s ventilation velocity. Below 1 m/s, except for the 6 % uphill

case, the temperature difference ranged between 220-320 °C in the upstream section
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which is considered a safety hazard. In order to investigate the critical ventilation
velocity variations at different sloping conditions more clearly, figure 5.25 compares
the normalized critical ventilation velocity which was defined as the ratio of measured
critical velocity of inclined tunnel to that of the horizontal case (Vcr/Vero).
Experimental measurements were tested against existing models in literature due to
Atkinson & Wu model [4], Ko et al. model [84] and US Department of Transportation
Subway Environment Simulation (SES) Computer Program equation [85] given for
critical ventilation velocity of tunnels at inclined conditions. These relations are given

in equation (5.11) as a function of tunnel inclination percentage.

(v
| ——=1.0-0.0146 Atkinson & Wu
|Vcr,0
v
“--1.0-0.0330 Ko etal. (5.11)
VCI’O
Vv

__-1.0-0.03740°° SES

The results indicated that the measured critical ventilation velocities for uphill
inclinations (3 % and 6 %) agree better with the Atkinson model. However, there was
a discrepancy between this model and measurements at -3 %, for which the SES and
Ko et al. model compared better. It should be noted that due to 0.25 m/s increments of
ventilation velocity, there is an added possibility of discrepancy between predicted and
measured values. This could have been relaxed by using a reduced increment range.
However, as it was discussed in section 3.1, fluctuations of the ventilation velocity
measured by the hotwire anemometer meant that a 0.25 m/s increment was a safer
choice rather than, say, 0.1 m/s. nevertheless, keeping this in mind, if the discussions
regarding test points such as 6 % in are accounted for, the trend shown in figure 5.24
would be improved. A linear fit was proposed for the normalized critical ventilation
velocity as a function of tunnel inclination grade for the tunnel model used in the study,

which can be seen on figure 5.25.
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CHAPTER VI

CONCLUSIVE REMARKS

Tunnel fires still remain an economical hurdle to the transportation industry as well
as a threat to the lives of motorists and passengers. Design of tunnel fire safety features
demands a deep knowledge on the fire burning behavior in confined spaces. There
have been quite a number of researches that address different aspects of tunnel fires in
the literature, however, there is still questions to be answered and gaps to be filled. The
purpose of this research was to better understand fire dynamics in tunnels through a
series of sought after experiments that covered a decent spectrum of fire scenarios.
These experiments were categorized into four parts in which the effects of tunnel wall
coating material, positive and negative slope, tunnel blockage due to upstream
obstruction, and existence of secondary fire source in close vicinity on the fire
characteristics were investigated. Recent literature shows that due to immense cost of
large-scale tunnel fire tests, the attention was turned to reduced scale experiments,
which favor a large portion of the fire research community.

Following this trend, a 1/13 reduced scale tunnel model, which was constructed
based on Froude scaling technique was used in this study. Critical and appealing
parameters to the fire safety research community were measured during experiments.
These parameters included fire heat load, burning rate of fire, critical ventilation
velocity, backlayering length and tunnel temperature distribution which were
measured across a wide range of ventilation velocities and pool depth (initial fuel layer
thickness). Longitudinal ventilation was applied to the model tunnel since it was
identified as the most common fire safety system having easier maintenance and
economical benefit over other ventilation systems. Application of liquid pool fire in
the study was because it was a more practical solution for providing the fire source
required to simulate fire scenarios with a wide fire load range. In order to alleviate the

negative effects of pool fire of a sooting fuel such as heptane or diesel, ethanol was
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utilized throughout the experiments, which resulted in a non-sooting cleaner
combustion. The details of the obtained results for each of the four parts of this study
were covered in Chapter V in separate sections. The major findings of the study are
summarized in a conclusive fashion in the following section.

According to the experiments, the fire load and burning rate were considerably
affected to various degrees by a number of factors including increasing pool depth of
the fuel, longitudinal ventilation velocity, tunnel blockage and inclination. The pool
depth is an equivalent of available burning material and was varied between 0.1 cm
(i.e. spill fire or thin-layered pool fire) and 1 cm across different parts of the
experiments. The square pool size was also varied between 0.1 m and 0.31 m limits
which corresponds to small and large pool fires respectively. It was observed that the
maximum burning rates of 15 g/m?s associated with 0.31 m pool size at 0.3 cm depth
corresponded to a lower burning rates of 12 g/m?s at 0.15 m pool size at similar pool
depth conditions (0.223 cm). This signified the effect of increased fuel surface area
(i.e. exposed burning area) that resulted in increased burning rates of fire. It was
demonstrated that there is a general decreasing trend in burning rates of fires when the
ventilation velocity increased from 0.5 to 1 m/s, after which point it increased again.
This was explained by competing effects of airflow cooling and oxygen availability
due to increased flow, which was in agreement with other results in the literature.

The HRR ranged within limits of 7-85 kW in the experiments which was well
within the range of the normalized HRR results from large scale experiments by
Ingason [41] also given in table 2.6. The burning rates varied within 8-35 g/m?s across
tested conditions. It was seen that critical velocity was achieved around 1 m/s for all
tested cases except for 3 % downhill tunnel, where the critical ventilation occurred
around 1.25 m/s, and the 6 % uphill inclined tunnel, where this value was measured to
be around 0.75 m/s. This demonstrated that a longitudinal ventilation velocity around
1 m/s for the model, corresponding to 3.6 m/s for the real scale tunnel would be
sufficient to meet critical ventilation requirements. The effect of tunnel inclination was
emphasized as being an influential factor that should be considered in tunnel safety

design. Temperatures as high as 250-350 °C measured in the pool upstream showed
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existence of backlayering flow at ventilation velocities below the critical values
associated with different experiments. At such conditions, the overall tunnel
temperature exceeded the maximum allowed temperatures established by fire safety
standards in order to avoid tunnel lining and construction damage [7]. It was shown
that upstream thermal radiation flux, having been identified as an important safety
factor was considerably reduced by increasing the ventilation velocity to the tunnel
due to increased fire tilt angle and retarded smoke plume further downstream of fire.
It was demonstrated that using a highly emissive black-painted anodized wall coating
could also reduce the radiative flux up to 45% while having no apparent effect on
ventilation requirements.

The case of adjacent pool fires occurring in confined spaces in which coupled
effects of interacting fires as well as airflow ranging from quiescent condition up to
1.5 m/s were investigated on the burning rates using 10 and 15 cm square pools with
varying initial depth. Temporal evolution of the burning rates was observed and

associated with pool size and count. It was shown that a secondary pool fire in close
vicinity intensifies the burn rate considerably with the m, / m, ratio ranging between

1.375 and 2.25 for 10 cm pools and 1.06 and 1.73 for 15 cm pools. The heat overall
load of the fire also tended to increase as high as 126 % for the cases of dual pool fires
which further emphasized the effect of the secondary fire. Increasing airflow speed
was shown to have a monotonously enhancing effect on burning rates of 10 cm pool
cases whereas 15 cm pool cases are affected non-linearly with a peak value reached at
0.025 kg/m?s across tested conditions. This was explained by effect of pool size on
dominant heat transfer regime as well as competing effects of cooling and increased
air entrainment (enhanced burning) at increased airflow speeds. However, it was seen
that increasing the airflow velocity decreases quasi-steady burning rate of single pool
fires.

Effect of tunnel upstream obstruction effect on the fire burning characteristics and
heat load was also investigated using two types of obstruction, a car and a metro wagon

with respectively 14 % and 56% blockage ratio. It was shown that due to the bluff
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body effect of the blockage, a low-pressure wake with vortexes were generated
downstream of the car and metro blockage. This was evident from the flame images
as well as FDS model predictions. The generation of these vortexes at the wake of
blockage affected the burning rates considerably due to changes in the air entrainment
and flame dragging and the local ventilation velocity. As the separation distance
increased the burning rate decreased except for 1.5 m/s case where due to increased
ventilation, the reattachment zone occurred upstream of pool fire at S = 30 cm, thus
increasing the burning rates at higher L/S ratios. Blockage fire resulted in increased
overall tunnel temperature. Results from these series of experiments were tested
against empirical correlations by Kurioka et al. [83] and Li et al. [50].

Results from tunnel inclination tests revealed that due to buoyancy forces of the hot
plume from pool fire propagating to the upstream of fire in downhill inclination, the
heat load from fires might vary considerably. For instance, it was shown that the peak
HRR flux of -3 % (downhill tunnel) was 1.42 MW/m? compared to 0.71 MW/m? at
+6 % (uphill tunnel) at 1 m/s. Measured maximum ceiling temperature results also
indicated that there was a general increase in tunnel temperature at -3 % inclined case
emphasizing the effect of downhill inclinations on the temperature distribution
especially at 0.75-1.5 m/s range. Critical ventilation velocity was achieved around
0.75-1.25 m/s range for limiting cases of +6 % and -3 % inclinations which agreed
with the data in the literature [4]. Backlayering length of fires were also investigated
at different sloping conditions and it was demonstrated that below 1 m/s, except for
the 6 % uphill case, the temperature difference ranged between 220 and 320 °C in the
upstream section which was considered a safety hazard. Measurements normalized
critical ventilation velocities were tested against existing models in literature due to
Atkinson & Wu [4], Ko et al. [84] and SES equation [85] and they agreed well with
the SES and Ko et al. model in general. A fit was proposed for the normalized critical

ventilation velocity as a function of tunnel grade.
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Recommendations for future work can be summarized as below.

1.

10.

Increasing the cross sectional area of model by upscaling the construction to
better accommaodate for specific experiments for which physical restrictions did
not allow a thorough investigation such as case of dual pool fires or obstructed
tunnel, or,

Increasing the length of the model tunnel,

Investigation of the pool fire characteristics at steady state phase by
implementing a fuel feeding system to keep pool depth constant at desired level,
thus, eliminating the transient behavior of batch pool fires,

Investigating the smoke layer density and visibility using light extinction
methods,

Expanding the range of tested ventilation velocities as well as pool size and
depth, tunnel inclination grade and also investigating the case of multiple pool
fires (more than two),

Conducting the blockage tests with a more realistic representation of the
obstruction and/or wider range of blockage ratio,

Improvement is needed to be done on the FDS model which was developed in
current work to integrate better sub-models as well as an adapted grid,

As an alternative, other open source codes such as OpenFoam/FireFoam could
be used to develop sophisticated CFD models to investigate tunnel fires,
Measurement of hazardous emission concentrations and their distribution inside
the tunnel due to different ventilation velocities and fire loads,

General improvement of the current state of test setup such as renewing and
addition of new thermocouples, better tunnel isolation and mounted

radiometers.
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