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Abstract

In recent years, a number of high profile accidental fires have occurred in several road
and rail tunnels throughout the world. Many of these fires grew rapidly to catastrophic
size and clamed many lives. The processes involved in the rapid growth and

extremely severe of these fires are not adequately understood as yet.

The introduction to this thesis reviews a number of these accidental fires and describes
much of the previous experimental research which has brought about the current
understanding of tunnel fire behaviour. A detailed review of the relevant parts of

elementary fire dynamicsis also presented.
This thesis addresses two main gquestions:

1. What is the influence of longitudinal ventilation on fire size in tunnels?
and
2. What is the influence of tunnel geometry on fire size?

The answers to both these questions are determined using a probabilistic method
called Bayes Theorem. This provides a method of answering the above two questions

using the handful of experimental data which are available.

It is found that the heat release rate (HRR) of a heavy goods vehicle (HGV) fire may
be greatly increased in magnitude by longitudinal ventilation, for example by about a
factor of 5 with a longitudina ventilation velocity of 3ms™. It is aso found that
longitudinal ventilation may cause a significant increase in the HRR of large pool

fires, but may cause a decrease in the HRR of small pool fires and car fires.

An equation is derived to predict the influence of tunnel geometry on HRR. It is found
that HRR varies principally with the width of the tunnel and the width of the fire object.
The HRR of afire in atunnel my be increased up to four times due to the geometry of
the tunndl.
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Chapter 1. Introduction

During the last few decades the increasing need for better and more efficient transport
networks has generated a huge increase in the construction rate of vehicle tunnels.
Advances in engineering have meant that tunnels longer than 50km are now an
everyday redlity, and the length of tunnels is ever on the increase. In recent years
France has been linked to the UK by the Channel Tunnel (51km) and Honshu and
Hokkaido in Japan have been linked by the Seikan Tunnel (54km). There are even

plans to link Africa and Europe by a tunnel under the straits of Gibraltar.

There is obviously a great deal of concern over safety in these large underground
structures, and fire safety in particular. To date there have been relatively few serious
fires in underground transport systems, but where fires have occurred the destruction

and loss of life has often been phenomenal.
1.1 A history of firesin tunnels

Vehicle fires start for a variety of reasons, in passenger cars the most common reason is
an electrical fault, in heavy goods vehicles (HGVs) the most common cause is the
brakes overheating on a long downward slope [1]. Fires may aso start as a result of a
collision. There does not seem to be any statistical evidence that fires occur more or
less frequently in tunnels than in the open air, however any fires that do occur in tunnels

do tend to have more serious consequences.

1.1.1 Fireson passenger trainsin tunnels

On the 11" of November 2000, a fire started on a funicular railway carrying skiers up to
the Kitzsteinhorn glacier, near Kaprun in Austria. Had the train been travelling up the
side of the mountain rather than through a tunnel it is unlikely that the fire would have
made the news outside of Austria, but due to the confines of the tunnel the fire was
directly responsible for the deaths of 151 people on the train, the driver of a second train
in the tunnel and three people near the top opening of the tunnel. The handful of
survivors were those who fled down the tunnel, those trying to escape the fire by going
up the tunnel were all killed by the smoke [2].



The reports on the Kaprun incident indicate that the majority of the passengers on the
train did not manage to get off the train before they succumbed to the poisonous smoke
[2]. Thiswas also the case in the fire incident on a Baku underground train on the 28"
of October 1995. The bodies of 220 passengers were found on the train itself while a
further 80 passengers succumbed to the fumes making their way aong the tracks toward
the station [3].

In both these cases the lack of a safety management system (SMS) was partly
responsible for the number of deaths; in the Kaprun incident the train was held to be
“fire proof” so the consequences of a fire onboard had never been considered, and the
possibility that some of the passengers could be carrying potentialy flammable
materials also appears not to have been considered. In the Baku incident the lack of
communication and the “knee jerk” operation of the ventilation system aso led to
fatalities;, some 15 minutes after the fire started the emergency ventilation system was
switched on which directed the smoke towards the majority of the passengers — lack of
communication meant that those in the control room had no idea what was going on at
the site of the fire [3].

Aside from these two incidents, large scale fires rarely happen on passenger trains.
There is comparatively little fuel to burn and usually many people are able to extinguish

the fire while it is still small. Thisis not the case for goods trains.

1.1.2 Firesinvolving goodstrainsin tunnels

On the evening of the 18" November 1996 one of the heavy goods vehicles (HGVS)
onboard a HGV carrier shuttle in the Channel Tunnel caught fire. Upon entering the
tunnel the fire size has been estimated to have been about 1.5MW, when the fire
reached its maximum extent the size was as much as 350MW and involved ten HGVs
and their carrier wagons. Unlike the Baku underground and the Kaprun funicular
tunnels, the Channd Tunnel is a very well equipped modern tunnel with good
communications and a carefully planned safety management system. This utilises
frequent cross passages to the service tunnel along the length of the tunnd, a
supplementary ventilation system (SVS) to control smoke movement and a positive
pressure ventilation (PPV) system in the service tunnel to prevent smoke entering the

cross passages. Although the SV S was not fully operational until some 30 minutes after



the fire was first detected, the SMS enabled the escape of all the HGV drivers and the
crew into the service tunnel with no fatalities and only two escapees requiring
significant hospital attention [4]. After all the people were successfully evacuated, the
SVS maintained a ventilation velocity of 2.5ms* in the tunnel which may have helped
fan the fire to grow to such a size. The main fire was extinguished by fire-fighters,
working in relays, by 5am the following day, some seven hours after the fire was first
detected. Minor smouldering and fires were ill in evidence 24 hours later. The

damage to the tunnel lining and the train can be seen in Figure 1.01.

Figure 1.01 — The aftermath of the Channel Tunnel fire (18.11.96) [20]

Possibly the largest train fire in a tunnel also produced no fatalities. On the 20" of
December 1984, a goods train pulling 13 petrol tankers derailed in the Summit tunnel,
near Rochdale, England. The resulting fire burned for three days and the flames from
the fire reached heights of 120m above the top of the tunnel ventilation shafts, see
Figure 1.02. Remarkably the train driver escaped unharmed [5].

Although there have been a number of fire incidents on trains in tunnels, it seems that
firesin road tunnels are more frequent: possibly because rail transport is more organised
than road transport and the vehicle drivers are trained to a higher level. However, the
number of fatalities in road tunnel incidents generally seems to be far smaller than in
train fires: possibly because individual passenger trains can carry hundreds of people,

whereas road vehicles do not.



Figure 1.02 — Flames emerging from the tunnel vents during the Summit Tunnel fire
(20.12.84) [20]

1.1.3 Firesinroad tunnes

On the 24" of March 1999 a HGV travelling through the 11km long Mont Blanc tunnel
from France to Italy caught fire, possibly due to the engine overheating. This HGV
stopped 6km into the tunnel when the driver became aware of the fire; he was unable to
put it out and fled, on foot, towards Italy. Within minutes the tunnel operators were
aware of the fire and prevented further vehicles from entering the tunnel, however,
18 HGVSs, 9 cars, a van and a motorcycle had entered the tunnel from France after the
first HGV and before the tunnel was closed. Of these 29 vehicles, four HGV's managed
to pass the burning HGV and travel on towards Italy in safety, the other 25 vehicles
became trapped in the smoke and eventually became involved in the fire. Nobody in any
of these vehicles survived. Due to the prevailing wind direction (from the south) and
the different ventilation regimes at either end of the tunnel (al ventilation ducts at the
Italian end were set to supply fresh air, whereas at the French end some ducts were set
to supply and some to exhaust) virtually all the smoke from the fire was carried towards
France, and as the airflow velocity was more than 1ms?, the smoke did not remain
stratified™; within minutes there was no fresh air in the tunnel downstream of the fire.
The fire grew to involve the 25 vehicles behind the first HGV, 8 HGV's which had been

abandoned by their drivers travelling from Italy to France (the nearest one being some

A The 1ms™* airflow criterion is a commonly applied ‘rule of thumb’ regarding smoke
stratification.



290m from the initial HGV fire), and the first fire-fighting vehicle which entered the
tunnel from the French side (which was amost half a kilometre from the nearest vehicle
on fire). It is unclear how the fire managed to spread such distances, although
explanations such as backdraught, burning liquid fuels and the involvement of
pavement materials in the fire have been proposed. At the height of the fire the blaze
was estimated to have been about 190MW in size with temperatures in the tunnel
exceeding 1000°C. The fire took 53 hours to extinguish and “hot spots’ were till being
dealt with after five days. 38 tunnel users and one fire-fighter died as a result of the fire,
27 in their vehicles, two in an emergency shelter (designed to protect life in the event of
afire) and the rest on the roadway trying to reach the French portal [6]. This was the
greatest loss of lifein any road tunnel firé’. A photograph of the aftermath of the fire is
shown in Figure 1.03.

Figure 1.03 — The remains of the vehicles after the Mont Blanc tunnel fire (24.3.99)
(Photo © AP. Used with permission)

The incident in the Mont Blanc tunnel was the 18" HGV fire recorded in the tunnel
since it opened in 1965. Of the other 17 incidents most were minor and only five
required the intervention of the fire brigade; none of these incidents resulted in any
fatalities. The fire in the Mont Blanc tunnel became a tragedy due to a combination of

factors including the weather conditions, the different ventilation regimes at either end

® Except possibly the Salang tunnel fire (1982), see Appendix B.



of the tunnel and the highly flammable nature of the trailer (insulated with polyurethane

foam) and its cargo (margarine and flour) on the initial HGV.

There have of course been many other fire incidents in vehicle tunnels. A
comprehensive list of tunnel fire incidents is presented in Appendix B. The mgjority of
fires in road tunnels which have led to fatalities or significant destruction of vehicles
seem to be due to collisions or vehicles shedding their loads. Two more road tunnel

fires deserve further comment.

On the 7" of April 1982 a collision in the Caldecott tunnel, Oakland, USA came about
when a passenger car, driven by a drunk driver, collided with the roadside barrier
(raised walkway) and came to an abrupt halt. The stationary car was struck by a petrol
tanker and subsequently the tanker was struck by a bus, causing the tanker to turn over,
partialy rupturing and spilling some of itsload. This soon ignited and the blaze grew to
involve the tanker, the car and four other vehicles in the tunnel. Seven people were
killed [7]. Although some of the petrol spilled out of the tanker, it appears that a large
quantity of the fuel remained in the tank. Once the fire had reached a sufficient
temperature to melt the aluminium walls of the tanker, the “top” of the tanker (i.e. the
side that was uppermost after the crash) collapsed creating a large, deep pool of petrol
which ignited and burned fiercely for over two hours until fire-fighters were able to
extinguish it [8].

On the 11™" of July 1979 a collision in the Nihonzaka tunnel, near Yaizu City, Japan,
resulted in a fire which destroyed 173 vehicles. However, the seven fatalities which
occurred during the incident were all as a result of the crash, not as a result of the fire;
over two hundred people escaped the tunnel on foot before the fire established itself.
The Nihonzaka tunnél is unique amongst those described here, in that it had a spray
system to suppress fires. This automatic system began sprinkling the tunnel only eleven
minutes after the crash, and this successfully suppressed fire growth for about half an
hour — long enough for all the people in the 2km long tunnel to walk out. After this
time, however, the unburned fuel vapours reignited and the fire established itself once
more. One hour later the sprinkler reservoirs ran dry and the fire grew dramatically. It
was two days before the blaze was “under control” and a further five days before it was
extinguished [9].



1.2  Firesafety in tunnels

A quick survey of fires in tunnels (see Appendix B) suggests that large scae fires in
tunnels may be becoming more frequent (the majority of large fires in tunnels have
occurred in the past 20 years), this is probably due to the increasing rate of tunnel
construction and use; there are far more tunnels in use today than there were twenty
years ago, and these tunnels are far longer and carry a much higher density of traffic
than before. To try to ensure that the number of large scale tunnel fire incidents does
not increase at the same rate as our use of tunnels, modern tunnels incorporate
sophisticated fire detectors, suppression systems and ventilation systems to control and
restrict fire spread.

1.2.1 Ventilation systems

Tunnels have had ventilation systems in them for many years, but it is only relatively
recently that the ventilation systems have been seen as a fire safety measure. The
earliest ventilation systems were ssimply vertical shafts cut through the ground above the
tunnel. These provided some fresh air in the tunnel by means of the chimney effect; the
air in the tunnel (particularly if it was a steam train tunnel) would generally be warmer
than the air outside, so this warm air would rise up the shafts and fresh, cold air would
be gently pulled in the tunnel portals. This system of course does not work for tunnels
which go under obstacles like rivers, rather than through obstacles like hills, so when
these tunnels became commonplace, mechanical ventilation systems were instaled in

some tunnels for the first time [10].

The mechanical ventilation technology was originally developed for use in underground
mines, and was adapted, with only minor changes, to be used in tunnels. The purpose
of this ventilation was to supply fresh air through the tunnel and to disperse pollutants
such as smoke and steam from trains. The ventilation system was not considered to be a
fire safety device. Indeed the first interaction between fires and ventilation systems that
was considered was the “throttling” effect of afire on the ventilation. If thereisafirein
part of a network of mine tunnels, it has the effect of restricting the airflow through that
part of the tunnel, equivalent to replacing that part of the tunnel with a tunnel of smaller
dimensions, or effectively constricting or “throttling” the tunnel [11,12]. Theideathat a



ventilation system might exacerbate the fire in any way does not seem to have been

considered at all until recent years.

Over the years these tunnel ventilation systems have evolved into three main types:

1. Fully transverse ventilation — fresh air is supplied to the tunnel through vents
positioned at regular intervals aong the tunné’s length, these are opposed by
exhaust air vents to extract pollutants etc. from the tunnel.

2. Semi-transverse ventilation — fresh air is supplied through periodic vents as in the
previous case, however, in this case the exhaust air is extracted through only one or
two large vents, usually at or near each of the main portals.

3. Longitudinal ventilation — fresh air is forced aong the length of the tunndl,
generally by jet fans mounted on the roof. This system is oc3ts tbthe moved he

hiclthe tunns withhe

o
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Figure 1.04 — Backlayering in atunnel fire [14]

Backlayering (also known as “back-flow”) is the name given to the phenomenon when
smoke from afire is observed to move against the direction of the airflow in the tunnel,
see Figure 1.04. Eisner & Smith [14] proposed that it is essentia for fire fighters to be
able to get to within 11-14m of afire in a tunnel in order to effectively attack the fire.
In practical terms this means that backlayering must be prevented or sufficiently
controlled. The ventilation velocity required to prevent backlayering is known as the
“critical velocity” (designated Ug) and various different methods have been proposed
for calculating it over the years [15-19]. The first relationships to be proposed seem to
hold for small fire sizes, but become unreliable for larger fires [20]. Critical velocity
varies not only with fire size but also with tunnel size and shape; Wu et al. [21] have
demonstrated that it varies with the mean hydraulic diameter of the tunnel (the ratio of
four times the perimeter of the tunnel cross-section to its area) and not with any other
characteristic dimension of the system (e.g. tunnel height). It should be noted that
“critical velocity” is the airflow velocity required to prevent all backlayering. Smaller
airflow velocities may be able to “hold” backlayering to a fixed length (designated L in
Figure 1.04) upstream of the fire; if backlayering is held at less than 11-14m from the
fire then Eisner & Smith’s criterion [14] has been met using less ventilation than the
critical velocity.

There are no international standards for ventilation flow in vehicle tunnels. Many
countries do not even have national standards. In arecent study of national approaches,
it was found that those countries that do have a recommended airflow for smoke control
in vehicle tunnels recommend that a ventilation velocity of 3ms? should be maintained
in the vicinity of the fire for evacuation purposes [22]. However, this recommendation
does not take into account the effect of the ventilation systems on the severity of the fire
itself, the question that will be addressed in Chapter 4, and following, of thisthesis.



1.2.2 Detection systems

Having an emergency ventilation response ready to be used in the event of afirein a
tunnel is useless if there is no system in the tunnel to detect a fire. Some modern
tunnels are equipped with closed circuit television systems (CCTV), temperature
sensors, smoke detectors and sometimes gas analysers monitoring the levels of carbon
monoxide (CO) and other toxic gases. These systems either alert the tunnel operators to
hazards or potentially hazardous situations, so that they may take the appropriate action,
or the systems automatically respond to the situation, initiating emergency ventilation,
sprinklers, warning signals etc. In Japan some automatic systems have been designed to
actively monitor the backlayering of smoke from a fire and adjust the ventilation
accordingly, in order that the backlayering is maintained at an acceptable level [23].
These systems were specifically designed to use the absolute minimum ventilation
necessary to control smoke in order to minimise the scale of the fire. In the UK,
Norway and France, on the other hand, no road tunnels have any fire detection systems

— operators rely on members of the public alerting them to any incidents [24].

1.2.3 Suppression systems

The use of sprinklers (or “deluge systems’ as they are frequently referred to today) in
tunnels remains a topic of much debate [25]. Those in favour tend to argue that the
sprinklers will protect the tunnel and allow the occupants time to escape. Those against
hold that the sprinklers will probably not extinguish a vehicle fire (e.g. if acar ison fire
the water will not get inside the car, it will merely cool the outer shell), that they will
not deal with combustible vapours which will probably ignite at some later stage and
that in some instances where a pool of liquid fuel is on fire they may cause an
explosion. Some countries require that sprinklers are installed athough they are not
generally recommended for use in road tunnels. The world road association (PIARC)
report on “Fire and Smoke Control in Road Tunnels’ [26] summarises its

recommendations with the following:

“No European country uses sprinklers on a regular basis. In some tunnels
in Europe sprinklers have been used for special purposes. In Japan some
sprinklers are used in tunnels with important length or traffic to cool down

vehicles on fire. In the United Sates only a few tunnels carrying hazardous



cargo have some form of sprinkler. The reason why most countries do not
use sprinklers in tunnels is that most fires start in the motor room (engine
compartment) or the [passenger] compartment, and sprinklers are of no use
until the fireis open. [...] Experiences from Japan show that sprinklers are
effective in cooling down the area round a fire, so that fire fighting can be
mor e effective.

However, the use of sprinklers raises a number of problems which are

summarised in the following points:

" Water can cause explosion in petrol and other chemical substances if not
combined with appropriate additives.
There is a risk that the fire is extinguished but flammable gases are till
produced and may cause an explosion.

" Vaporised steam can hurt people.
The efficiency is low for firesinside vehicles.
The smoke layer is cooled down and de-stratified, so that it will cover the
whole tunnel.
Maintenance can be costly.
Sorinklers are difficult to handle manually.

" Vishility is reduced.

As a consequence, sprinklers must not be started before all people have
been evacuated.

Based on these facts, sprinklers cannot be considered as an equipment
useful to save lives. They can only be used to protect the tunnel once

evacuation is completed.”

1.3  Thefutureof tunnd fire safety systems

In the past it has seemed sufficient to adopt a trial-and-error approach to testing fire
safety systems, and those systems which have been found to be successful in certain
tunnel fire incidents have been adopted for use in other tunnels. The number of tunnel

users is increasing at a great rate, for example, the average daily number of HGV



travelling through the Mont Blanc Tunnel was about 125 in 1965 when the tunnel
opened, but this had increased to 2100 by the time of the fatal incident in 1999 [6].
Considering this great increase, it has become necessary to look more closely at the very
nature of fire in order to design and install fire safety systems which are able to deal
with tunnel fires with sufficient efficiency. Only by understanding fire dynamics and
designing appropriate fire safety systems can an acceptable level of protection from fire

be achieved in tunnels.



Chapter 2. Tunné firedynamics

For a more in-depth discussion of fire dynamics, the reader is directed to the text book
“An Introduction to Fire Dynamics’ [27] upon which much of the early part of this
chapter is based.

21 Introduction to fire and fuels

All fires involve a chemical reaction between some combustible fuel® and oxygen.
Although “fire” is a manifestation of a chemical reaction, it should be noted that the
mode of burning may depend more on the physical state and location of the fudl than its
chemical nature. For example, a pile of wooden sticks will burn in a substantially
different manner to a single log of the same weight. Also a pile of sticks in the corner
of a room will burn in a different manner to a similar pile of sticks in the centre of a
room. Flaming combustion is a gas phase phenomenon and the burning of a solid or

liquid fuel must involve some evaporative boiling or pyrolysis® to yield gaseous fuel.

There are two distinct regimes in which gaseous fuels may burn. In one the fuel and
oxygen are mixed before burning, this gives rise to a premixed flame. In the other the
fuel and oxygen are initialy separate but burn in the region where they mix, this gives
rise to a diffusion flame. This discussion will only concern diffusion flames as
explosions resulting from premixed flames are outwith the scope of this research

project.

In diffusion flames, the rate of burning is dependent on the rate of supply of gaseous
fuel. For jet flames and gas burners this is independent of the combustion processes.
For other fuels, including pools of liquid fuel, wood, and vehicles, the rate of supply of

gaseous combustibles is directly linked to the rate of heat transfer from the flame (and

€ In this chapter the word “fuel” will be used to denote the combustible species

involved in afire. This may be aliquid fuel such as petrol, but may equally be a gas or
a solid combustible object such as a pile of wood or a car seat.

P ‘Pyrolysis is the chemical decomposition of a solid fuel to smaller gaseous

substances when exposed to heat.



any other sources of heat) to the fuel. The rate of burning (mass loss, per unit area, per

unit time) can be expressed generally as:

[2.1]

where g¢ is the heat flux supplied by the flameF and other heat sources (kWm?), ag is
the losses expressed as a heat flux through the fuel surface (kWm?) and Ly is the heat
required to produce the gaseous combustibles (kJg*) which, for a liquid, is smply the
latent heat of evaporation.

2.2 Heat releaserate

The rate at which energy is released, generally known as the ‘heat release rat€’ (HRR,
denoted g.) is the most important variable which characterises the behaviour of a fire

[28]. Itisdefined by:

g. =cm@®.DH_ kw [2.2]

where A; is the fuel surface area (nf), DHc is the heat of combustion of the gaseous
combustibles (kJg1) and ¢ is a factor (between 0 and 1) included to account for
incomplete combustion [29]. If ¢ is known, the HRR of an experimental fire can be
calculated from mass loss data, it can also be experimentally measured using oxygen

consumption calorimetry.

All combustion reactions release energy. This may be quantified by defining the heat of
combustion (DH¢) as the total amount of heat released when unit quantity of fuel is
oxidised completely (at 298K and at atmospheric pressure). For a hydrocarbon fuel like

propane (C3Hs) the products would be carbon dioxide and water, thus:

E The embellishment * denotes that a quantity is measured per unit area, e.g. q¢ or me.

Similarly, *and ™ denote quantities measured per unit length and per unit volume,

respectively. The dot above the quantity denotes that it is a flux.



C3Hg+50, 0 3CO,» +4 H,O [2.3]

This is a stoichiometric reaction — the amounts of fuel and oxygen are exactly balanced.
The reaction is also exothermic (i.e. heat is produced). The value of DHc(CsHg) is —
2044 kJmol™ assuming that the water produced remains in vapour form (a reasonable
assumption to make when considering fires). This may also be expressed as —46.45
kJg™* (one mole of propane is 44g).

Heats of combustion are often determined using a “bomb” calorimeter — a closed vessel
in which a known quantity of fuel is burned completely in an atmosphere of pure
oxygen [30]. Assuming no heat loss, the amount of heat released can be calculated
from the temperature rise of the calorimeter and its contents. The difference between
the enthal py change of the system (DH) and the change in internal energy (DU) is due to

the work done in the expansion process (PDV):

DH = DU + PDV [2.4]

PDV may be estimated using the ideal gas law:

PDV = DnRT [2.5]

where (for the propane reaction given in equation 2.3) Dn = +1 (there are seven moles of

products from six moles of reactants) and T = 298K.

The use of bomb calorimetry has meant that the heats of formation (DH;) of many
compounds have been accurately determined. The heat of formation is defined as the
enthalpy change when a compound is formed in its standard state (at one atmosphere
pressure and 298K) from its constituent elements, aso in their standard states. If the
heats of formation of the products and reactants of any chemical reaction are known, the
total enthalpy change can be calculated. For the combustion of propane given in

equation 2.3 thisis:

DH. (C3Hz) = 3 DH{(COy) + 4 DH{(H20O) — DH{(C3Hs) — DH{(O>) [2.6]



where DH;(O;) = 0 (by definition). This incorporates Hess's law of heat summation,
which states that the change in enthalpy of a system depends only on the initial and final
states of the system and is independent of the intermediate steps.

Determining the heat release rate of the combustion of a pure fuel is simple using the
above formulae. However, in red life, fires rarely involve chemically pure fuels and
rarely burn at 100% efficiency. Yet, information on the HRR of afire is often required
in engineering calculations [28]. In recent years a method of directly measuring the
HRR of afire has been developed. It relies on the fact that the heat of combustion of
most common fuels is constant if it is expressed in terms of the oxygen consumed. For
the example of propane given above, it can be said that 2044 kJ are evolved for each
mole of propane burnt or for every 5 moles of oxygen consumed. The heat of
combustion could be expressed as DHc ox = — 408.8 kJmol ™t or —12.77 kJg* (one mole of
oxygen is 32g). Huggett [31] observed that most typical organic liquids and gases
(excluding ethene and ethyne) have DHcox=—-12.72 + 3%kJg* of oxygen and
polymers (excluding polyoxymethylene) have DHcox = — 13.02 + 4% kJgt. So if the
rate of oxygen consumption can be measured, the rate of heat release can be estimated
directly. This is the basis for the cone calorimeter [32] and many other types of
flammability apparatus. All these apparatuses have some form of hood and duct
assembly with the combustion products being guided through a duct of known cross-
sectiona area in which measurements of temperature, velocity, and the concentrations
of oxygen, carbon dioxide and carbon monoxide are made. Assuming complete
combustion of the fuel (i.e. the concentration of carbon monoxide in the duct is
negligible), the HRR may be calculated from:

q. = (0.21—¢o,) V 10° fio, DHeox [2.7]

where V is the volumetric flow of air (nPs?), fio, is the density of oxygen (kgm®) at
normal temperature and pressure, and Go, is the mole fraction of oxygen in the

“scrubbed” gases (i.e. water vapour and acid gases have been removed).

DHeox is generally taken to be —13.1 kJg*(O,) assuming complete combustion. It has
been suggested that if combustion is incomplete (i.e. carbon monoxide or soot particles
are formed) the effect on the calculated HRR will be small [33]. This method would



give a higher HRR value than reality (up to 30%) if carbon monoxide was produced but
a smaller HRR value if soot was formed (20-25% lower) — as these variations are in
opposite directions they will mostly cancel each other out and it is likely that the
calculated HRR will be within 5% of the true value. Current research techniques are
able to perform these estimations more accurately by measuring the concentration of
carbon monoxide and correcting the calculations accordingly.

As fires are usually supplied with oxygen from the air rather than as a pure gas, it is
frequently more useful to consider DHcgr rather than DHcox. DHcair IS usualy
considered to be 3.03 + 2% kJg* unless considering carbon monoxide, ethene or ethyne.

In practice a value of 3 kJg*! is good enough for making estimates.

In afire it is usualy more important to know the rate at which heat is released rather
than the total heat released. For afirein an enclosed space, the HRR can be estimated if
the inflow of air is known. Assuming that all the oxygen is consumed in the enclosure

the HRR is given by:

Oc = Majr DHc air [2.8]

The temperatures achieved depend on the rate of heat release of the fire and the rate of
heat |oss from the vicinity of the reacting system.

2.3 Heat transfer

When considering fires in tunnels and other enclosed spaces, it is necessary to consider
how the heat from the fireis (or isn’t) dissipated. A basic understanding of heat transfer
is therefore necessary before trying to predict the behaviour of any fire in an enclosed
space. There are three basic mechanisms of heat transfer; conduction, convection and
radiation.

2.3.1 Conduction

Conduction determines the rate of heat flow through solids. It also occurs in fluids but
is usualy dominated by convective processes. Generaly heat flows from a region of

high temperature to one of lower temperature; this can be expressed as a heat flux:



a¢=-k— [2.9]

where DT is the temperature difference over distance Dx. In differential form thisis:

. dT
q¢=- k& [2.10]

where qQ:d?TX/A, A being the area through which the heat is being transferred

(perpendicular to the x direction). This is Fourier’s Law of Heat Conduction. The
constant k is the thermal conductivity of the material and generally is expressed in units
of WmK™. Tablesof k (asafunction of T) are available for many pure materias (e.g.
inKaye & Laby [34]) but values of k for building materials and many other combustible

solids are not as easy to find.
2.3.2 Convection

Convection is the mode of heat transfer to or from a solid involving movement of a

surrounding fluid. The empirical relationship first discussed by Newton is:
q®=hDT wm? [2.11]

where h is known as the convective heat transfer coefficient. h is not a materid
constant, it depends on the characteristics of the system, the geometry of the solid and
the properties of the fluid, it isaso afunction of DT. Typically h vaues lie in the range

5-25 Wnmi?K ™ for free convection and up to 500 for forced convection in air.
2.3.3 Radiation

Unlike conduction and convection, radiation does not require any substance between the
source of the heat and the receiver. Heat is transmitted by means of electromagnetic
waves. Radiation is the dominant mode of heat transfer for fires involving fuel beds

larger than about 0.3m in diameter. According to the Stefan-Boltzmann equation, the



total energy emitted by a body is proportional to the fourth power of its temperature (in
Kelvin):

E= 8T wm? [2.12]

where ais the emissivity of the surface (its efficiency as a radiator — a perfect “black
body” radiator has an emissivity value of one) and 6 is the Stefan-Boltzmann constant
(5.67 x 108 Wm?K™).

The electromagnetic waves that transfer radiative heat range from wavelengths of 0.4 to
100mm (from visible light to the far infracred). As a body is heated and its temperature
rises it will lose heat partly by convection (which dominates at low temperatures: 150-
200°C) and also by radiation (dominant above ~400°C). At ~550°C sufficient visible
radiation is emitted from a body to give a dull red glow. As the temperature increases,
the body will change to emitting cherry red light (~900°C), orange light (~1100°C) or
white light (~1400°C). An idea black body radiator will exhibit a smooth distribution
curve of emissive power, Eps = f(€), whereas a real body will exhibit an irregular
variation of emissive power with wavelength. It is useful to introduce the concept of a
“grey body” (or an “ideal, non-black” body) for which & is independent of wavelength.
Thisis an approximation, but it allows the use of the Stefan- Boltzmann equation [2.12].

The Stefan- Boltzmann equation [2.12] gives the total heat flux emitted by a surface. In
order to calculate the radiant intensity at a point distant from the radiator an appropriate

“configuration factor” f needs to be determined (taking into account the geometrical

relationship between the emitter and the receiver). This may be expressed as:
q¢="f esT? [2.13]

Equation [2.13] can be used, for example, to determine whether or not remote ignition
of a second object near to aradiating body will occur.

In atunnel fire radiating objects will include the fire object itself, the walls & ceiling of
the tunnel (once they have been heated up by the fire), the flame and the hot smoke

produced by the fire. For fires larger than about 1m in diameter, the flame and smoke



produced by the fire may be considered to behave like a black or grey body (for smaller
fires, the emission of the flame and plume may be dominated by the emission spectra of
the carbon dioxide and water vapour in it). The emissive power of the flame depends
on the concentration of soot particles in it. A useful measure of this can be found by
determining the “smoke point” of the flame (the minimum height of the flame at which
smoke is produced). The height of the smoke point has been found to vary inversely
with the amount of the heat of combustion lost through radiation from the flame [35].
Soot production (and therefore smoke point and the radiation from the flame) depends

on the chemical nature of the fuel as well as geometrical and ventilation conditions.
24  Fireplumes

In gas-burner flames, the momentum of the fuel vapour determines the behaviour of the
flame. Flames associated with the burning of solid and liquid fire objects on the other
hand are dominated by buoyancy. The momentum of the burning volatiles is relatively
unimportant. The relative importance of momentum and buoyancy in the flame will

determine the type of fire and as a useful means of classification, the Froude number is
used:

Fr=—om [2.14]

where U is the velocity of the fuel gases, L is a characteristic dimension of the system
(e.g. the diameter of the fire object or the height of the tunnel) and g is the acceleration
due to gravity. In many fires it is impossible to directly measure the velocity of the fuel
gases, but it is possible to derive U from the heat release rate of the fire:

U= g [2.15]

(assuming a circular fire pool of diameter L, fuel density fi and heat of combustion of

the fuel vapour AH;). Comparing [2.14] and [2.15] it can be seen that the Froude

number is proportional to g2 / L® , ascaling criterion that will be discussed |ater.



The behaviour of the flame and the plume from a fire is dependent on the air entrained
into it, thus it may be significantly affected by the proximity of the fire to walls or a
ceiling which may restrict this entrainment. As the temperature profile in the fire plume
is dependent on the amount of air entrained into it, if afireis close to awall or in the
corner of a room the temperature will decrease less rapidly with height than would
result from a similar fire in the open, due to reduced entrainment. It has been stated that
the temperature profile above afire next to awall is best modelled by imagining that the
real fire has a virtual reflection beyond the wall and calculating the temperature profile
from the combined real-virtual fire source. However, the flame height of afire next to a
wall is similar to the flame height of a smilar unconfined fire even though the air
entrainment is reduced by about 40% [36]. A firein acorner will exhibit a flame height
about 20% higher than a similar unconfined fire. If the air is entrained into the plume
asymmetrically (due to the proximity to a wall) the plume will be directed towards the
wall (or corner) by the directional momentum of the airflow. In other words, the plume
will tend to “hug” the wall. This effect will tend to encourage fire spread up vertical or
soping flammable surfaces as well as encouraging fire spread from burning items to

adjacent vertical surfaces.

This effect was in part responsible for the rapid growth and severity of the fire that
claimed the lives of 31 people in the underground station at Kings Cross in London on
the 18" of November 1987. On that occasion, a fire involving the steps and sides of a
wooden escalator did not behave in the manner that anyone (including severa of the fire
experts involved in the enquiry) would have expected: the flames and plume from the
fire did not rise from the fire location toward the ceiling of the escalator tube, but rather
they tended to hug the steps and sides of the escalator all the way up and into the ticket
hall at the top of the escalator. This was because, due to the geometry of the situation,
there was virtually no air entrained into the fire from up the escalator dope or from the
sides; al the airflow directed towards the fire came up the escalator from the platforms
below, this has become known as the “trench effect”. As the escalator seems to have
been pre-heated by a fire involving the grease and detritus under the escalator track, the
upper steps and sides of the escalator were easily ignited by the flames hugging them
and so the fire grew from a seemingly small blaze to a deadly ‘flashover’ in a matter of
minutes [37].



(‘Fashover’ is the term used for the rapid transition in a compartment fire from
localised burning to generalised burning. That is, after flashover al combustible
surfaces in a compartment will be involved in the fire. It is generdly held that surviva

IS not possible in a post-flashover compartment fire.)

If a ceiling obstructs the upward flow of the fire plume, the hot gases will be deflected
asahorizontal ceiling jet, defined as “the relatively rapid gas flow in a shalow layer
beneath the ceiling surface which is driven by the buoyancy of the hot combustion
products’ [38]. This ceiling jet spreads radially from the point of impingement on the
celling. For flat ceilings in large rooms (if the fire is not close to any of the walls) the
maximum temperature in the ceiling jet is to be found very close to the celling
(approximately 1% of the room height away from the ceiling) with a rapid reduction in
temperature away from the ceiling (ambient temperatures being reached approximately
12% of the room height away from the ceiling) [39]. These results are only valid if the
horizontal flow of the ceiling jet is unconfined and a static layer of hot gases does not
accumulate under the ceiling. The rate of air entrainment into the ceiling jet is lower
than the rate of entrainment into a vertical plume. In the vertical plume the entrainment
is proportional to H™® (where H is the height above the fire location), whereas in the
ceiling jet the entrainment is proportional to r2* (where r is the radial distance from the

point of impingement). This entrainment is controlled by the Richardson number :

g(r 0~ r-Iayer )h
V2

Ri = [2.16]

r layer

where fiiayer and h are the density & depth of the layer and V is its velocity relative to the
layer below [40]. Mixing of the hot and ambient layers is suppressed at high values of
Ri. If the fire below the ceiling is also beside awall or in a corner, the temperature will

be greater due to the restricted entrainment and the restricted flow across the ceiling.

If aflameis of sufficient height (or if a ceiling is sufficiently low) for the flame itsdlf to
impinge upon the ceiling, the part of the flame that is deflected horizontally will become
part of the ceiling jet. If only the upper part of a flame is deflected, it may be
considered to be “fuel-lean” (i.e. the flow of burning gas contains excess air) and the
reduced entrainment across the ceiling may be of little consequence. In these

circumstances the total flame length (height to ceiling plus horizontal extent) will

~~



probably be less than the total flame height from a similar unconfined fire. However, if
the flame is fuel rich considerable flame extension can occur across the celling. The
greatest extension to flame length will occur in a tunnel or corridor-like configuration,

this will be further increased if the ceiling surface is combustible [41].

Airflow near the fire plume (e.g. wind or forced ventilation) will deflect the flame and
the plume of the fire. The extent of the deflection will depend on the air velocity. A
‘rule of thumb’ that is commonly used is that a 2ms* wind will tend to bend a flame in
the open by 45° and will cause the flame to hug the ground for ~¥.L (where L is the
diameter of the fire) downwind of the fire source [42]. The deflection of the flame and
plume of afirein atunnel is much larger than the deflection observed for a fire, subject
to asimilar airflow, in the open air. The angle of deflection in a tunnel has been shown
to vary with V/U,, where V is the longitudinal ventilation velocity in the tunnel and U,
is the “centreline upward velocity in a calm open space’, that is the upward velocity of a
similar fire plume in the open air. Investigations into this relationship are ongoing
[43,44].

25 Typesof fires

Although many different types of substance will burn, only liquid pool fires and solid
objects will be considered in this discourse. Gaseous burning and the combustion of
liquid droplets & solid dusts are not common in tunnel fires and are therefore outwith

the scope of this thesis.

25.1 Liquid pool fires

Liquids tend to burn as “pools’ with uniform horizontal surfaces (although “running
liquid fires’ have also been observed on non-horizontal surfaces or where a leak of fuel
produces a flow, but these will not be considered here). Pool fires have been studied
extensively in many ways over many years. Reviews of some comprehensive
experimental test series are given by Hall [45] and by Drysdale [27]. They show that
the burning rate of a pool fire (expressed in the earliest experiments as a “regression
rate” R measured in mm/min) varies with the diameter of the pool for pools less than
about 1m in diameter. At very smal diameters (less than about 3cm), the flames are

laminar and the rate of burning decreases as the diameter is increased. For pools with a



diameter larger than 1m, the flames are turbulent and the burning rate becomes
independent of pool size. For intermediate sized pools “transitional” flame behaviour,

between laminar and turbulent, is observed.

The burning rate (mass loss), and hence the heat release rate, of a pool fire is dependent

on the heat transfer from the flames to the liquid fuel, as described by equation [2.1]:

0o,

me= 2g
L gm<s

Here, g¢ is the heat flux from the flame (and other heat sources) to the fuel and gg is

the loss of heat to the pool rim (or walls), etc. Ly is the latent heat of evaporation of the
fuel.

The different burning regimes for different sizes of pool can be explained in terms of
the different mechanisms of heat transfer; in small pools the dominant heat transfer
mechanism is conduction (through the pool rim), in large fires radiation dominates (the
influence of the pool rim is not significant). Convection currents within the pool are
also important heat transfer processes. In particularly narrow or shalow pools, the
convective processes tend to be suppressed, which leads to a reduction in heat loss from
the surface and hence an increased mass loss rate. For this reason, pool fires often

exhibit a brief HRR peak as they near extinction.

In this thesis, few very small pool fires will be considered. Most of the pool fires
discussed herein will be ‘large’ in diameter and turbulent in nature. Hence the most
important factor in their burning behaviour is the radiation to the surface from the
flames and the hot gas layer (which may accumulate below the ceiling in compartment

or tunnd fires).

A simplified graph of (steady) burning rate vs. pool diameter is shown in Figure 2.01.
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Figure 2.01 — Burning rate vs. pool diameter for aliquid pool fire

Zabetakis & Burgess [46] proposed that it was possible to predict the burning rate of
pool fires (greater than 0.2m in diameter) using this equation:

=ty [1- &P [2.17]

where my is the limiting burning rate, k and & are the extinction coefficient and the
“mean beam length corrector” (which are constants for each type of fuel) and D is the

pool diameter. Babrauskas [47] published my and k& data for a number of common
liquid fuels. Some of these data are given in Table 2.1. The low values of my for
methanol and ethanol are partly due to high values of L, (the latent heat of vaporisation)

and largely due to the lower emissivity of the flames from these fuels [48].

Using equations [2.2] & [2.17] and the data from Table 2.1 it is possible to estimate the

heat release rate of a pool fire (larger than 0.2m in diameter) in the open air.

The rate of flame spread across the surface of a liquid fuel is dependent on the surface
tension of the liquid [49] and this is in turn dependent on the temperature of the fuel
itself. The rate of spread is also influenced by convection within the liquid, so flame
spread across shallow pools tends to be dower than across deep pools due to the
restriction of the convection currents [50]. However, the rate of flame spread across

fuel poolsis not of direct relevance in this study as, in most cases, the pool will be fully



involved within a matter of seconds. This thesis will only be concerned with fully
established pool fires.

Liquid fuel Density (kgm™) my (kgm?s?) ka (m?)
Liguid methane 415 0.078 1.1
M ethanol 796 0.017 n/a
Ethanol 794 0.015 n/a
Heptane 675 0.101 11
Petrol 740 0.055 2.1
Kerosene 820 0.039 35
Crude ol 830-880 0.022-0.045 2.8

Table 2.1 — Datafor calculating the burning rate of large pool fires from Babrauskas
[47].

2.5.2 Solid objects

As noted at the start of the chapter, the burning of solid materias almost always
requires the pyrolysis of the solid to give volatile fuel gases that leave the surface and
burn in the flame. Asthisthesisislargely concerned with the macroscopic behaviour of
solid objects on fire, the chemical reactions involved in this process will not be
considered here. The macroscopic behaviour of a solid, say a sample of wooden sticks,
may be determined using some form of calorimeter (e.g. the cone calorimeter, see [27])
and this sort of testing is usualy sufficient to define the material properties without a
detailed investigation of the chemical processes involved. While there are many forms
of combustible solids, only synthetic polymers and wood will be considered here. The
burning of wooden ‘cribs will be of importance later in this thesis and the burning

behaviour of synthetic polymers is important when considering vehicle fires.

2.5.3 Polymeric solids

Unlike liquids, solids do not necessarily burn as a pool (although thermoplastics will
tend to melt and form a pool); they may burn in any orientation. Generally, the heat
required to produce volatiles, L, (the “heat of gasification”), is much higher for solids
than for liquids as chemical decomposition is involved. This means the surface
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temperature of burning solids tends to be high (>350°C) and this temperature may be
further increased if the solid forms a char on burning. Charring on the surface of a fuel
tends to hinder heat transfer into the solid and shields the unburned fuel from the flame.

In equation [2.2] a combustion efficiency factor, +, was included to account for
incomplete combustion of the fuel. Tewarson [51] suggests that + may vary from 0.7 to

0.4 for solid polymeric substances, decreasing in the following order:

Aliphatic (organic compounds composed primarily of carbon chains)
Aliphatic/Aromatic
Aromatic (organic compounds containing benzenoid rings)

Highly halogenated species (often used as fire retardants)

Rasbash [52] observed that the heat release rate of a burning material is strongly
dependent on the “combustibility ratio”, AHJ/L,. For solids this may vary from a value
as low as about 3 (Red oak has a value of 2.96) to about 30 (for a rigid polystyrene
foam with a value of 30.02), whereas liquid fuels tend to have combustibility ratios with

higher values (heptane, for example, has a value of 92.83).

For vertica burning surfaces, the interaction between the surface and the flame is
obvioudly very different to the interaction between a horizontal burning surface and the
flame. The flame will cling to the surface so air is entrained from one side only. Orloff
et al. [53] studied flame behaviour on thick vertical dabs of polymethylmethacrylate
(PMMA) and observed that the emissive power of the flame increases with height and
that the flame is laminar at its lower edge but quickly becomes turbulent with height as
the volatiles from further up the surface mix with the plume. This behaviour is assumed
to apply to other surfaces as well as PMMA [27]. Of course many polymeric surfaces
will melt and flow and tend to form a pool at the base, this combination of horizontal
and vertical burning will tend to produce vigorous burning which will create specid
problems in confined spaces. Downward facing horizontal surfaces tend not to burn in
isolation and in Situations where flames from other fire sources impinge on a
combustible celling, the effect is only to extend the horizontal extent of the flames
under the ceiling [41]. In “redl life’ the isolated burning of a single flat surface is arare

occurrence, fires will generaly involve objects with multiple surfaces and cross-



radiation from surface to surface and localised build-ups of heat will greatly affect the
rate of burning and rate of fire spread.

254 Wood

As the majority of “real life” fires in tunnels involve vehicles and liquid pools, this
thesis will not go into great detail about the processes involved in the burning of wood.
However, as severa of the experimental tunnel fires that will be considered later
involved the use of wooden “cribs’ it is necessary to describe some of the burning

properties of wood.

Two of the most important burning characteristics of wood are that it is non-isotropic
and that it forms a char on burning. The non-isotropic nature means that its burning
properties vary with the direction that the measurements are made. The production of a
char means that the volatiles produced in burning are different at different stages of
burning. Browne & Brenden [54] discovered that AH. of the volatiles from Ponderosa
pine was 11.0 kJg* at 10% weight loss of the wood but this increased to 14.2 kJg* at
60% weight loss.

For the purposes of this thesis, the burning of wooden cribs is the most important
characteristic. A wooden crib is a pile of wooden sticks (generally square in cross-
section) arranged in layers with the sticks in each layer being perpendicular to the sticks
in the previous layer, see Figure 2.02. Cribs may be defined by the number of layers
(N), the stick thickness (b) and the separation of the sticks in each layer (s). The length
of the sticks is also of importance, but in all the early wooden crib tests the sticks used
were ten times longer than they were thick [55,56], so this dimension is frequently
assumed. Gross [55] observed two different burning regimes, which he described as
“under-ventilated” and “well-ventilated”. In the former regime (corresponding to
densely packed cribs) the rate of burning is dependent on the ratio AJ/As, where A, is the
open area of the vertical shafts (see Figure 2.02) and As is the total exposed surface area

of the sticks. Gross defined the “porosity factor” of awooden crib as follows:
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Gross compared this factor with the rate of burning (scaled with stick thickness)
expressed as Rb™®, where Riis the rate of burning expressed as a percentage per second.
He found that O p Ro™® when O < 0.08 (under-ventilated) and Rb'® is approximately
constant when O > 0.1 (well-ventilated). When O > 0.4 sustained burning is not

possible. O is directly proportional to . /m, wherem,.is the mass flowrate of air

through the vertical shafts and m is the total rate of production of the volatiles.

Ay = 16 (wywy)

Plan view

Figure 2.02 — A typical wooden crib.

25.5 Firespread over solids

Unlike pools of liquid fuel, the rate of spread across (and through) solid objects will be
considered in this study. While the timescale of a pool fire reaching full involvement is
very short compared to the duration of the fire, this is not the case for fires involving
solid objects, cars, cribs and HGVs. It is of interest (and indeed of importance) to
investigate the effect of different ventilation scenarios on the rate of fire spread on

vehicles etc.

In general, flame spread is most rapid when it is going up a vertica surface. Hirano et
al. [57] found that the rate of fire spread down cardboard surfaces was approximately
0.0013ms*! irrespective of the downward slope at angles greater than 30° below
horizontal. They aso found that the rate of spread increased rapidly as the downward
angle was decreased from 30° to 0° (horizontal). Magee & McAlevy [59] carried out a
similar study with upward sopes and found that the flame spread increased from
0.0036ms! at 0° to 0.0112ms™ at 45° to over 0.046ms* at 90° (i.e. vertically upwards).
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The principal reason for the vast difference in rate of spread is due to the entrainment of
air into the flame; for downward and horizontal spread the air is entrained into the flame
from the opposite direction to the flame spread (this is known as *counter-current
spread”), so it tends to reduce the rate of spread. For upward flame spread the buoyancy
of the flame generates “concurrent spread” which accelerates the rate of spread. The
upward flame spread in the experiments using card is aso influenced by the flow of hot
gases on the underside of the card, this does not happen on thicker solid objects. In
these instances the rate of fire spread up a combustible slope is not significantly
enhanced until the dope is more than 15-20° [59]. Upward flame spread is aso
significantly enhanced if air entrainment from the side is restricted, as demonstrated by
the fatal fire in the Kings Cross Underground station in 1987 [37] and subsequent
modelling of the phenomenon [60]. The geometry of the object aso influences fire
spread over solid objects; fire spreads faster up a wide object than it does up a narrow
object and also spreads faster along the edge of an object than it does across its surface
[59].

Other factors that influence the rate of fire spread include the composition of the
atmosphere (higher oxygen content causes faster flame spread), the temperature of the
fuel (hotter surface causes faster flame spread), external heat fluxes (greater incident
heat flux causes faster spread) and atmospheric pressure (higher pressure causes faster
Spread).

An imposed air movement (i.e. wind or a forced longitudina airflow) will also have a
significant effect on the burning rate. In general confluent air movement will enhance
the rate of spread over a combustible surface. Freidman [61] observed that the rate of
spread appears to increase exponentially up to a critical level at which extinction (or
“blow-off”) will occur, but this phenomenon has not been adequately investigated. It is
supposed that this occurs because the airflow tends to push the flame forward, towards
the unburned surface, and thus the unburned fuel will be pre-heated to a greater degree.
The wind may aso enhance the burning behind the flame front which will also increase
the pre-heating of the unburned fuel. Counter-current airflow may also cause an
increase in flame spread; Magee & McAlevy [58] observed that imposed airflow
enhanced the (counter-current) rate of flame spread on horizontal PMMA dlabs at
airflow velocities up to about 4-5ms* while higher airflows reduced the rate of spread

and ultimately extinguished the flame. Counter-current airflow will have two main



effects, (i) enhancing mixing (and therefore combustion) at the flame front, and (ii)
cooling the unburned surface ahead of the flame. Clearly effect () dominates at low

airflow velocities and effect (ii) dominates at higher airflow velocities.

The influence of airflow on fire spread will be considered further in Chapters 4 - 6.

25.6 Vehicles

The burning characteristics of vehicles are not easy to define, this is because vehicles
are a combination of substances in complex geometrical relationships to each other.
Mangs & Keski-Rahkonen [62] have studied the burning characteristics of passenger

carsin the open. Their main observations are summarised as follows:

Maximum heat release rate of a passenger car (in the open air) is~1.5-2.0MW.

HRR vs. time graphs exhibit severa sharp peaks corresponding to the fire involving
different parts of the car (e.g. engine, passenger compartment, petrol tank).

A fireinitialy in the engine will spread to the passenger compartment in about 4-5
minutes.

A fire initialy in the passenger compartment will spread to the engine in about 11-
12 minutes.

The temperature inside the passenger compartment rises to post-flashover room fire
temperatures.

The temperature outside the car has short peaks of very high temperature (600-
800°C) but is generally about 200-400°C.

The radiation from a burning passenger car is sufficient to ignite a second passenger
car nearby “at least if the window in the adjacent car is open”.

The burning time of a car is about 40-60 minutes and the car continues to radiate

heat for several hours afterwards (~50kW after four hours).

To date no studies of HGV fire behaviour in the open air have been carried out. Only
one HGV fire test has been carried out in a tunnel and that will be described below, and
more fully in Chapter 5 & appendix A. Other vehicle types including railway carriages
and subway cars have been fire tested in atunnel as part of the EUREKA test series, these
will be described below.



26  Experimental research into tunnel fires

Up until the 1960s, fire research in tunnels had been largely concerned with fire safety
in mine tunnels, so the main fire loads that had been considered were coa (on the coal
face, in sacks, coa dust explosions etc.), wooden structures (e.g. wooden scaffolding
supporting a mine tunnel ceiling) and conveyor belts (seemingly the source of severa
firesin mines). The consequences of vehicle fires had never really been considered. In
the early 1960s many transport tunnels were being constructed, particularly in the Alps,
S0 in order to better understand what might happen if there was a fire, experimental

testing of fires in vehicle tunnels began.

2.6.1 The Ofenegg tunnel fire experiments, 1965

The primary tunnel fire safety concern in Switzerland in the early 1960s was what
would happen if there was an accident involving a fuel tanker in one of their new road
tunnels. To address this question, a series of fire tests were carried out in an abandoned
railway tunnel, near Ofenegg, Switzerland in 1965 [63]. The tunnel was converted to
alow for the testing of natural, longitudinal and semi-transverse ventilation systems by
building a duct along one side of the tunnel. One end of the tunnel was blocked so
semi-transverse ventilation (25nfsm )" could be simulated by having vents a 5m
intervals along the length of the duct and longitudinal ventilation (1.7ms?) could be
simulated by sealing these vents and having an opening between the duct and the main
tunnel near to the blocked end of the tunnel. Three different sized pools of “aircraft
quality petrol” were used in the tests, 6.6nf, 47.5nf and 95nf (containing 100I, 500l
and 1000l of fuel respectively), each pool filled the width of the tunnel (3.8m). Data
recorded included: visibility measurements, air temperaturess CO and O
concentrations, air velocities and pieces of hair, meat and wood were hung at various
points along the tunnel to determine the effect of the heat from the fires. In al, 12 tests

were carried out, the main observations being:

F The units Ms™m™* may seem dlightly odd, but this is common when describing
tunnel ventilation systems. A volumetric flow of air is supplied at periodic intervals

along the length of the tunnel, so units of volumetric flow per metre of tunnel are used.
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Natural and semi-transversely ventilated fires burn slower than equivaent fires in
the open air, due to oxygen depletion. This effect is greater with larger fires.
Longitudinal ventilation can cause an increase in burning rate (compared to other
firesin tunnels, not compared to burning in the open air).

The velocity and thickness of the smoke layer is larger for larger fires (up to 11ms*
and 4m for semi-transverse ventilation).

Longitudinal ventilation can cause the smoke layer to fill the whole tunnel (loss of
stratification).

Maximum temperatures are achieved within 1-2 minutes from ignition.

Surviva is not possible within 30-40m of a large pool fire (with any ventilation
configuration) and the chances of survival downstream of the fire are substantially
reduced with longitudinal ventilation.

Sprinklers can extinguish the fire but fuel vapours will remain and may re-ignite

with devastating effects (airflow over 30ms™* and damage to the tunnel structure).
A description of the tunnel and some of the experiments is given in Appendix A.
2.6.2 The West Meon tunnel fire experiments

In the early 70s some fire tests were carried out by the Fire Research Station (FRS —
now “Fire & Risk Sciences’) in a disused railway tunnel near West Meon, Hampshire
[64]. The tunnel was 480m long, 8m wide and 6m high. Few details of the tests are
reported in the literature except that a number of cars were burned and the natural

ventilation was awind of about 2ms*. The main findings were:

The smoke layer from the fire was up to 3m thick (i.e. the air was breathable at head
height).

“Observers were able to remain near the fire without any ill effects except
headaches afterwards.”

2.6.3 The Glasgow tunnel fire experiments, 1970

Five fires were carried out in a 620m long, 7.6m wide, 5.2m high disused railway tunnel
in Glasgow [65]. The fire load in each case was made up of 1, 2 or 4 trays of kerosene

fuel, each tray (1.2 x 1.2m) having an approximate thermal output of 2MW. Smoke
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movements were recorded as were some temperature measurements. The main findings

Were:

The smoke layer in most tests started out as being 1-2m thick but thickened with
time. For the largest fire, the smoke layer reached a thickness of 3-4m after 10
minutes.

The smoke layer advanced at about 1-1.5ms™.

A “plug’” of smoke was formed at the end of the tunnel as it encountered the
crosswind outside. Thisfilled the entire height of the tunnel and tended to be drawn
back into the tunnel by the fire-induced airflow.

The ar below the main smoke layer did not remain smoke free — some mixing
occurred shortly after the fire started.

2.6.4 The Zwenberg tunnel fire experiments, 1976

In the early 1970s, the Austrian road network was being improved, and this involved the
construction of many road tunnels between 5 and 13km long. As the Austrian
authorities had no experience of fires in tunnels, they carried out 30 fire tests (25 of a
6.8n7 petrol pool, 3 of a 13.6nT petrol pool, one of a 6.8nt diesel pool and one test
with a mixed load of wood, car tyres and sawdust) in a 390m long abandoned railway
tunnel in order to gain a better understanding of them [66]. This tunnel was modified in
order to smulate natural, longitudinal, transverse and semi-transverse ventilation

systems. The main findings were:

Temperatures at the ceiling were very high (sometimes over 1200°C).

“Higher” longitudinal air velocities destroyed thermal layering (stratification).

With transverse ventilation, fans in the fire section should be set to maximum
exhaust, while the power of fans supplying fresh air should be reduced by 20-30%
to maintain stratification.

The position of supply vents (above or below) is not crucial.

For the smaller fires it was possible to extract all the plume gases over a tunnel
length of approximately 260m with maximum extraction and minimum supply of
fresh air.

The tunnel lining and intermediate ceiling were not destroyed by the fires.



2.6.5 PWRI tunnel fire experiments, 1980

The Japanese Public Works Research Institute (PWRI) carried out 16 full scale fire tests
in a 700m long fire gallery and 8 full scale fire tests in a 3.3km road tunnel. Fire loads
tested included twelve petrol pools (10 tests using 4nt pools and 2 with 6n? pools), six
passenger cars and six buses (one vehicle per test). The conditions (temperature, gas
concentrations, smoke, etc.) in the gallery / tunnel were monitored during tests with

natural and longitudinal ventilation [67]. The main observations were:

Stratification of smoke was partialy destroyed by longitudinal ventilation at 1ms™
and totally destroyed by longitudinal ventilation at 2ms™.

The “heat generation speed” (heat release rate) of a fire increased at higher
longitudinal ventilation velocities; for a petrol pool fire the HRR was 4MW at
1-2ms™ and BMW at 4ms™. This effect is “more evident” for car fires.

The temperature rise in the tunnel was significant only near to the fire source.

None of the car, bus or pool fires were totally extinguished by the sprinklers, but the
“heat generation speed” was reduced in each case.

The sprinklers had an “adverse effect on the environment” by causing a reduction in
smoke density near the ceiling and an increase in smoke density in the lower part of
the tunndl.

2.6.6 Tunnd firetestsat VTT, 1985

As a precursor to the EUREKA project (see below), two “pilot” fire tests of wooden cribs
were carried out in a “small” tunnel in Lappeenranta, south-eastern Finland [68]. The
purpose of the tests was to investigate the effect of the fires on the tunnel lining and also
to investigate fire spread across and between objects. The tunnel is 183m long, between
5.5 & 6.1m wide and between 4.3 & 5.0m high, ventilation was forced by two fans at

one end of the tunnel. The main observations were;

In test one (which involved a “mock-up” of a subway train — wooden cribs totalling
3.2m wide by 48.0m long) a constant rate of fire spread (6.6 x 10“ms?, ~1.8MW)
was established after a brief ignition phase.



In test two (which involved a line of eight “mock-ups’ of passenger cars — wooden
cribs 1.6 x 1.6 x 0.8m high, spaced 1.6m apart) no spread was observed between
cribs.

Identical cribs at opposing ends of the line (in test two) exhibited very different
burning characteristics — the crib at the windward end of the line burned with almost
twice the HRR of one at the other end.

Since experiments of this scae are never fully reproducible, more than one
experiment is needed to make far reaching conclusions of vehicle fires [69].
Considerable spalling of rock takes place during fires in rough rock tunnels.

Using the theoretical models available at the time, both tests were expected to reach
flashover. Neither did.

2.6.7 The EUREKA EU-499 “ Firetun” test series, 1990-1992

The tunnel fire test series with the largest scope was undoubtedly the EUREKA “firetun”

test series, carried out between 1990 and 1992 by teams of fire researchers representing

Austria, Finland, France, Germany, Italy, Norway, Sweden, Switzerland and the UK
[70]. The mgjority of the fire tests (21) were carried out in an abandoned tunnel near

Hammerfest, Norway in 1992, and involved fire loads such as cars, train carriages,

wooden cribs, heptane pools, a “simulated truck load” and a HGV fully laden with a

cargo of furniture. Other fire tests carried out as part of the series were wooden crib fire

tests in a disused railway tunnel in Germany, wooden crib fire tests at VTT in Finland

(see above) and a laboratory test of samples of tunnel lining. The objectives of the

project were to provide information on:

Fire phenomena

Escape, rescue and fire-fighting possibilities

The effect of the surrounding structure on the fire

Reusing the structure (damage done, time required for redevelopment, etc.)
Accumulation of theory (improving understanding of fire, modifying models, etc.)

Formation, distribution and precipitation of contaminants

The Hammerfest tunnel is a 2.3km long mine tunnel with an irregular cross-section

(very approximately square, varying from 30-40nT). During the fire tests various data

types were recorded including mass loss, temperature, gas concentrations, smoke

~



density, airflow velocity, etc. These were al recorded at many points, near the fire load
and distant from it (except the mass loss which was measured directly by load cells
under the fire location). Unfortunately not all these data types were recorded in each
experiment, for example in several of the wooden crib tests and one of the car fire tests,
mass loss and gas concentration data were not recorded, so it is not possible to estimate
the heat release rate of these fires. Many conclusions have been drawn from this test

series, including:

The influence of damage both to the vehicles and the tunnd lining, especialy in the
crown area, depends on the type of vehicle. The roof of those vehicles constructed
of steel resisted the heat, whereas the roofs of the vehicles made of aluminium were
completely destroyed at an early stage of the fire [71,72].

The temperatures during most of the vehicle fires reached maximum values of 800-
900°C. The temperature during the HGV test reached 1300°C. Temperatures
decreased substantially within a short distance from the fire location. Temperatures
are greater downwind than upwind [72].

The railway carriages burned between 15 & 20MW. The HGV burned at over
100MW [72].

A “small fire load” such as a single railway carriage may exhibit a HRR of 45M'W
[73].

(NB: The above two conclusions appear to contradict one another. Thisis partialy due
to the different methods of estimating the heat release rate of a fire in a tunnel and
partially due to the different “agendas’ of the two references; one was comparing HGV
and railway carriage fires and concluding that the HGV fire was far more severe, whilst
the other was warning the reader that even a “small fire load” can give rise to a very
serious fire.)

All road and rail vehicles registered a fast development in the first 10-15 minutes
[72].
Growth rates of vehicle fires varied from “medium” to “ultrafast” (see [74]) [75].

Modern rail cars are more resistant to ignition than older carriages (due to the
composition of the internal furnishings) [72].



In naturally ventilated fire tests of railway carriages, the smoke density and CO
concentration exceeded “acceptable’ limits over 300m away from the fire location
[76].

To enable fire-fighters to get to the fire location, a “sheltered route” needs to be
provided (e.g. the service tunnel in the Channel Tunnel) [76].

The maximum concentration of polycyclic aromatic hydrocarbons (PAH) and other
pollutants is found about 70-80m downwind of the fire location [77].

Fire growth and burning pattern is strongly influenced by ventilation conditions
[78].

If a container or enclosure is not well sealed the prevailing ventilation can introduce
sufficient leakage air for combustion to continue at a slow rate [78].

The rate of burning can be significantly accelerated by a free supply of air [78].
Controlled ventilation can be useful in smoke management [78].

Longitudinal ventilation destroys stratification downwind of the fire [78].

Further details of some of the EUREKA tunnel fire tests are given in Appendix A.

2.6.8 The Memorial Tunnel Fire Ventilation Test Program (MTFVTP), 1993-1995

Although the scope of the EUREKA test series was larger than any other series, in terms
of the range of fuel types and objectives, the MTFVTP was the largest tunnel fire test
series to date in terms of actual scale. In all, 98 pool fire tests ranging in size from
~10MW to ~100MW were carried out in a disused 850m long two-lane road tunnel near
Charlestown, West Virginia, USA [13]. The tunnel was modified to alow for the
testing and comparison of natural, semi-transverse, fully transverse and longitudinal
ventilation systems and their ability to control / extract smoke. Extensive arrays of
temperature sensors, gas anaysers, arflow sensors and smoke density measuring
equipment were |located throughout the tunnel, so there are extensive data from each
test. The experiments were carried out by the Federal Highway Administration for the

Boston Central Artery Tunnel project, and the objectives of the test series were:

To develop a comprehensive database regarding temperature and smoke movement
from full-scale fire ventilation tests which would permit a definitive comparative
evaluation of the capabilities of transverse and longitudinal ventilation systems to

manage smoke and heat in afire emergency.
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To determine, under full-scale fire test conditions, the relative effectiveness of
various ventilation system configurations, ventilation rates, and operating modes in
the management of the spread of smoke and heat for tunnel fires of varying

intensities.

The influence of the different ventilation strategies on the heat release rate of the fire
was not considered. A systematic series of tests each with a single (different) airflow
velocity was not carried out, instead the configurations of active ventilation fans were
changed severa times (in some instances, many times) during a test, so changes in the
behaviour of the fires due to different ventilation strategies are not clear. The fires were
al carried out using diesel fuel, which produces a lot of smoke and reduces the risk of
explosion, but unfortunately has not been used in many other fire experiments, so
comparison with other pool fire tests (both in and out of tunnels) is not easy. The main

conclusions from the test series include:

Longitudinal ventilation

Longitudina ventilation using jet fans is highly effective in controlling smoke
spread for fires up to 100MW. However, it is appropriate only for unidirectional
tunnels.

Longitudinal air velocity is dependent on the number of active fans and the thrust,
not on the configuration of the fans.

A 10MW fire tends to reduce the longitudina airflow by 10%, a 100MW fire
reduces it by 50-60%.

Airflow velocities of 500 to 580 fpm (2.5-3ms?') are sufficient to prevent
backlayering of smoke from 100MW pool fires in the Memoria Tunnel.

Transverse ventilation

It is not sufficient to supply air in atunnel fire situation, extraction is also necessary.
Longitudinal airflow is a major factor in smoke control for transversely ventilated
tunnels.

Multiple-zone ventilation systems are better than single-zone ventilation systems at
controlling smoke.

Single point extraction openings (SPE) and oversized exhaust ports (OEP)
significantly enhance the ability of a ventilation system to control and extract

smoke.



Smoke and heat movement

The time taken for smoke to enter the “occupied zone” at positions distant from the

fire location is dependent on the height and geometry of the tunnel ceiling.

Significant reduction of visibility occurs more quickly than debilitating heat.

Further details of some of the tests are given in Appendix A.

2.6.9 Testsin operational tunnels

The mgjority of the tunnel fire tests described above were carried out in abandoned or
disused tunnels. This has the advantage of allowing the testing of very large scale fires
which may destroy the tunndl lining and fittings (e.g. the “100MW” pooal fire tests in the
Memoria tunnel), but the majority of these fire tests (except in the Memoria tunnel)
have the disadvantage that the test tunnel was significantly smaller than most
operational tunnels, especialy two or three lane road tunnels. It would be particularly
valuable if tunnel fire experiments could be carried out in rea vehicle tunnels, but thisis
generaly unredlistic for large scale fires. However, some small scale fires (car and pool
fires) have been carried out in new and operational road tunnels, generally in order to
test the capabilities of the ventilation system or as a fire-fighting exercise [79,80].
Some details of tests carried out in French road tunnels are in the public domain, these

include:

Des Monts Tunnel

The tunnel is a twin tube, twin lane tunnel 850m long, it has a cross-section of about
80n?, the ventilation system is longitudinal. The fire load tested in 1988 was a van,
with hay bundles, tyres and petrol ignited to start the fire. Conclusions include [79]:
The fire size was approximately 2MW (at 1.3ms™* ventilation velocity).
Temperatures in the vicinity of the fire did not exceed 80°C.
The temperature quickly decreased when the ventilation was started.

Other vehicles can easily overtake a burning car.



Nogent-Sur-Marne Covered Trench

The tunnel is a twin tube, three lane tunnel 1.1km long, the ventilation system is
partidly transverse. Smoke tests and a car fire test were carried out in 1988/89.
Conclusions include [79]:
The smoke remained stratified with natural ventilation. With the ventilation set to
exhaust, part of the tunnel was kept smoke free, but 100m from the fire location the
whole tunnel was filled with smoke.
The wind induced airflow in the tunnel dominated the exhaust ventilation in one
test, the partially transverse system was unable to extract the smoke.
When the wind induced airflow was blocked (one end of the tunnel was physically
blocked) the partially transverse ventilation system was better able to remove
smoke.

An air or water curtain in the tunnel may be able to minimise wind induced airflow.

Frejus Tunnel
Many tests have been carried out in this twin lane, 13km long tunnel on the border of

Italy and France, generally for training of emergency personnel and testing of

ventilation & communications systems [79].

FEF Tunnel
The tunnel is a twin tube, twin lane motorway tunnel, 750m long. The ventilation
system is longitudinal. In 1990, shortly before the tunnel was due to be opened, a
passenger car was burned in the tunnel to test the ventilation system. Conclusions
include [79]:
Maximum fan operation results in a ventilation velocity of 8ms?, this is sufficient to
prevent backlayering.
Smoke was transferred from the tube containing the fire to the other tube. Steps

were taken to prevent this in future incidents.

Monaco Branch Tunnel

The tunnel is a single tube, bi-directional, three lane tunnel, 1.5km long. The tunnel has
aslope of 5.5% and the ventilation system is partially transverse. The tests were carried
out in 1992 shortly before the tunnel was due to open. One wood fire test and six car
fire tests were carried out, primarily to investigate the capabilities of the ventilation
system. Conclusionsinclude [80]:



Smoke removing equipment is useful as conditions were substantially worse when it
was not used.

The ventilation system was able to control the smoke when the wind induced
airflow was low, when the wind induced airflow was about 1-2ms™ the smoke
reached the tunnel portals.

In every test one side of the fire location was always kept smoke free, this will help
fire fighting activities.

Supply of fresh air (viawall jets) causes aloss of stratification.

Grand Mare Tunnel, Rouen

The tunnél is a twin tube, twin lane tunnel, 1.5km long. The ventilation is longitudinal
and, in the tube the tests were carried out in, opposes the natural airflow induced by the
chimney effect of the doping tunnel. Three pool fire tests were carried out,
corresponding to approximate sizes of 5, 10 and 20MW. Conclusions include [80]:
The smoke from a20MW fire can be controlled by longitudinal ventilation (4ms™).
The flames flattened by the airflow caused some damage to the carriageway
downstream of thefire,
The HRR of the “10MW” fire was dightly higher than expected, the HRR of the
other two tests was slightly lower than expected.

The overall lessons learned from al these fire tests include [79]:
A car firein atunnel is not very big. It is possible to pass the fire location on foot or
by car.
Increased knowledge of smoke behaviour in various configurations.
Some quantitative data on temperature and smoke movement.
Cold smoke tests are not representative of real fires.

Experience gained by the tunnel operators and emergency services.

2.7  Experimental testing on a smaller scale

Fire tests involving full size fires in full size tunnels are enormously expensive. The
EUREKA “Firetun” test series cost about U.S.$10,000,000 and the MTFVTP cost in excess
of U.S.$40,000,000 [26]. These high costs seriously limit the number of full size
experimental tests that are possible. To date, full scale tests have not been able to
answer many fundamental questions about the behaviour of fire and smoke in tunnels.
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In order to be able to answer these questions at an affordable price, and sometimes to
model a specific tunnel design, reduced scale and small scale experiments have been
carried out.

In order for reduced or small scale experiments to be in any way useful, there must be a
well defined similarity between the scale model and the full scale case of interest. If
there is a strong similarity then a scale model can be used to investigate specific aspects
of the behaviour of the fire or smoke, if the similarity is not so strong then the behaviour
of the fire can only provide information in general terms. In order to scale between
reality and a scale model with a strong similarity, it is necessary to consider the gas flow
at and around the fire.

Earlier in the chapter the Froude number was used to classify fire type (see equation
[2.14]):

where U is the velocity of the gases, g is the acceleration due to gravity and L is a
characteristic dimension of the system. Other non-dimensional numbers are also used

to classify flow behaviour, including the Reynolds number :

UL
Re= ~ [2.19]

(wherev isthe viscosity), the Richardson number :

R=—2— [2.20]

(where i is the density of the plume gases and Afi is the difference between this and the

density of the surrounding air) and the Grashof number :

L3 Dr
Gr=g—— [2.21]
ver
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which is essentially a combination of the Reynolds and Richardson numbers. Idedly
each of these numbers should be the same in the scale-model as in redlity. In redlity
however, this is not possible and models are usually scaled assuming conservation of
the Froude number only. This is a reasonable assumption to make for al but the
smallest scale models as variations in the Reynolds number are not particularly

significant for turbulent flows.

As noted earlier in the chapter, the Froude number is proportiona to ¢2/L°, this means
that, for example, a model fire which is haf the scale of a full size tunnel will have a
heat release rate 0.177 times that of the full scale fire (0.55’2 = 0.177). In asimilar way
the ventilation velocity in the scale model scales as L2
of 2ms?* will be modelled by a half scale airflow velocity of 1.4ms™. The temperature

of the fire will be the same at test scale and full scale [81].

, S0 a full scale airflow velocity

Reduced scale fire test series tend not to be as high profile as full scale test series and
the data and results from these series are not always in the public domain. Some

reduced scale test series which are relevant to this study include:

2.7.1 Pool firetests at the Londonderry Occupational Safety Centre, Australia

A series of five kerosene pool fire tests was carried out in a 130m long, 5.4m wide by
2.4m high “mine roadway” tunnel near Londonderry, NSW, Australia [82,83]. The
Longitudinal ventilation in the tunnel was maintained by two exhaust fans at one end of
the tunnel, with a rectangular grid for “flow straightening” near the other end of the
tunnel. Three tests were carried out using a 1m diameter pool with ventilation velocities
ranging from minimal (J0.5ms?) to 2ms™!, tests were also carried out using 0.57 and 2m
diameter pools. An extensive array of thermocouples and airflow probes was arranged
around the fire and mass loss was measured by load cells under the pool tray. Two
video cameras were also used to record the experiments. The experiments were carried

out to test a numerical model®. Some of the observations from the study include:

¢ When experiments are carried out to test a numerical model, the process is frequently

referred to as “validation”. This term has often been criticised as being misleading as



Increasing the ventilation from 0.5 to 2.0ms™ caused a 25% decrease in HRR of the
1m diameter fire.

This was probably due to the fact that less of the plume was above the fuel surface
at higher air velocities.

The mass loss rate of larger fires was proportionately higher than that of smaller
fires (subject to ventilation velocities about 0.9ms™).

There was significant backlayering at 0.85ms™, but this was “arrested” by a 2ms*

arflow.

2.7.2 Reduced scalefiretestsin the HSL test tunnel, Buxton, UK

A series of nine fire tests involving wooden crib and kerosene pool fires contained
within a “mock-up” of a Eurotunnel HGV shuttle carriage were carried out in the test
tunnel at the Hedth & Safety Laboratory (HSL) near Buxton in 1993 [81,84]. The
tunnel is 366m long and 5.6n7 in cross-section. It is constructed of concrete and arch
shaped; with a maximum height of 2.44m at the centre of the tunnel and a maximum
width of 2.75m near the floor. The tunnel walls and ceiling were fireproofed in the
vicinity of the fire location with mineral fibre sheeting. Longitudinal ventilation in the
tunnel was supplied by up to three fans housed at one end of the tunnel. Measurements
of the temperature, the airflow velocity, the smoke density, the heat flux, the gas
concentrations and the mass loss of the fire load were recorded during each’ test, these
data were gathered primarily for testing of computational fluid dynamics (CFD) model

results (see below). The conclusions from the study include:

The fires produced small but measurable effects on the ventilation rate.

Many of the fires, particularly the larger ones, showed elements of ventilation

control.

Temperatures near the ceiling reached 1000°C in some tests.

the process does not actually make the model “valid”. To avoid confusion, the word
“testing” will generally be used in this thesis.
" Except test 7, due to instrument failure



Backlayering of smoke was prevented at ventilation rates above 1.25ms?, was
controlled" at ventilation rates between 0.75 and 1.25ms* and was not controlled at
lower ventilation rates.

There was no clear relationship between the critical velocity required to prevent
backlayering and the heat output of the fire.

The air velocity required to prevent any backlayering was less than predicted by
existing theories.

The reduced scale data can be extrapolated to tunnels of different scales using
Froude scaling.

Further details of some of these tests are presented in Appendix A.
2.7.3 Test seriescarried out by the Svedish National Testing and Research Ingtitute (SP)

A series of 18 fire tests were carried out in a 11m long fire gallery a SP Sveriges
Provnings) in Sweden in 1995. The gallery is 1.08m wide by 1.2m high and is equipped
with extensive measuring equipment and natural or longitudina ventilation [85]. The
pool fire tests were carried out using heptane (11), methanol (2) and xylene (5) as fuels.
Two sizes of square fuel pans were used; 0.09n7 and 0.16n7. The tests were primarily
carried out to investigate the effects of under-ventilation on the HRR of a fire
Comparable fire tests were also carried out in the open air. The following observations

were made:

Restricting the airflow caused a decrease in HRR but not a significant increase in
CO production.

Despite attempts to make the fires under-ventilated, it was not possible to do so.

The mass burning rate (and hence the HRR) was much higher in the tunnel than in
the open for heptane and xylene fuel pools.

The mass burning rate for methanol fires was dightly lower in the tunnel than in the
openair.

Burning rate decreases with increasing wind velocity for heptane & xylene fuel

pools.

' i.e.astationary hot gas layer was formed upstream of the fire location.



With restricted airflow, the flames (from heptane pools) tended to be deflected by
about 30-45°, with unrestricted airflow the flames were deflected amost
horizontally at the fuel pan and did not reach the ceiling until about 1.2m from the

fire location (corresponding to approximate airflow velocities of 0.4 and 0.7ms*

respectively).
2.7.4 Test seriescarried out by the Swedish Defence Agency (FOA)

A series of 24 fire tests were carried out in a 100m long “blasted rock tunnd”,
approximately 3m wide by 3m high. The tunnel was open to the air at one end and had
a large chimney at the other. There was no mechanical ventilation system installed in
the tunnel, but different ventilation rates were achieved by restricting the inflow of air in
some tests and using two different fire locations within the tunnel. The experiments
included fire tests of heptane pools (12), methanol pools (2), kerosene pools’ (2),
polystyrene cups in cardboard boxes (2), wooden cribs (3), heptane pools contained
within a dummy vehicle (2) and a car [86]. Although the tests were primarily carried
out to provide experimental data for testing of CFD codes, the following conclusions

were made:

All fire tests show some correlation between the degree of ventilation and the heat

release rate of the fire, this effect is more apparent for solid fire loads than for liquid

pools.

Measurements of optical density and gas concentrations indicate that there is a
correlation, however a parameter of the fuel must be included.

In a confined space the hesat release rate of a small car may reach 4AMW for a short

time [87].

2.8 Laboratory scale experiments

In addition to these reduced scale test series, there have aso been a number of
laboratory scale tests of fires in “tunnels.” While the results from these tests can give
some information on the behaviour of larger scale fires, the similarity of lab scale

experiments to full scale firesis not good. Froude scaling criteria may not apply to fires

7 Occasionally incorrectly referred to in the report as “diesel” pools



in tunnels smaller than about 1m in diameter [81], and small scale pool fires may
behave substantially differently from their full scale counterparts. For example, a pool
of a hydrocarbon fuel will exhibit “transitional” (laminar-turbulent) flame behaviour if
its diameter is less than about 1m, whereas larger pools will exhibit fully turbulent
flame behaviour (see section on “pool fires’ earlier in the chapter). However, these
laboratory scale experiments can yield useful results and help us to understand some
features of tunnel fire dynamics better. In particular, these laboratory scale models can
give valuable information on smoke behaviour in tunnels at a fraction of the cost of full
scale experiments. Also it is possible to observe trends in the behaviour of laboratory
scale experimental series which may be relevant to full scae fires, even if the

guantitative data are not scalable. These test series include:
2.8.1 A scale model to investigate smoke movement in the Paris Metro (1991)

A laboratory scale Pyrex “tunnel” 3m in length was used to investigate some aspects of
smoke movement and backlayering for the Paris Metro tunnel system [88]. The
apparatus was semi-circular in aspect and 30cm in diameter, the fire source was a
porous burner 2cm in diameter with a variable rotameter regulating the fuel flow, the
ventilation was obtained using an extraction fan at one end of the apparatus and
ventilation flows of up to 25cms™® could be attained. Smoke movements were recorded
using lasers, video cameras and photography. Temperatures and airflow were recorded

inside the tunnal. Conclusions from the test series include:

Some backlayering will occur in the Paris Metro tunnels in the event of afire if the
usual ventilation velocity of ~1.5ms™ is used.

In the absence of forced ventilation (natural airflow at about 0.2-0.4ms™) the smoke
from afireis likely to remain stratified, so a smoke-free layer will exist near to the
floor.

The behaviour of smoke entering a station from a tunnel was aso modelled.

2.8.2 A wind tunnel study to investigate the nfluence of ventilation on pool fires
(1995)

Many pool fire experiments were carried out in a 0.3 x 0.3 x 21.6m long wind tunnel at

the Japanese fire research ingtitute, to investigate burning rate, ceiling temperature and
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backlayering in a number of different experimental configurations [89]. To investigate
the influence of longitudina ventilation on burning rate for pool fires, 31 methanol
pools (of 10, 15, 20 & 25cm diameters) were tested at a range of ventilation rates from
0.08 to 1.03ms™?, five pools of n-heptane (all 15cm diameter) were also tested with
ventilation rates ranging from 0.43 to 1.3ms'. To investigate the phenomenon of
backlayering many tests were carried out using different sizes of methanol pools,
different ventilation rates and different tunnel slopes. Conclusions from this study

include:

Burning rates of liquid poolsin tunnels depend on the airflow velocity.

The burning rate of a pool fire in atunnel is higher than the burning rate of a similar
fire in the open air, the burning rate tends towards the open air burning rate as
ventilation rate is increased.

The ceiling temperature of the tunnel fire is inversely proportional to wind velocity.
Some pool fires reach a steady rate of burning, in others the rate increases with time.
The airflow velocity is the deciding factor in this.

The relationship between critical velocity and heat output rate is almost linear.

When backlayering is long (twenty times tunnel height) the backlayering length is
only weakly dependent on the slope of the tunnel (up to 10°) or the fire size, it can
be expressed by a non dimensiona parameter. When backlayering is short it is

dependent on both fire size and tunnel angle.

2.8.3 Critical velocity experiments in a laboratory scale model of the HSL tunnel
(1997)

A series of fire tests was carried out in a /10 scale model of the HSL tunnel described
above (section 2.7.2). The apparatus was mounted in such a way that different tunnel
slopes (up to 10°) could be tested. The fire source used in the test series was a propane
burner, able to produce heat release rates of 2.8-14.1kW. When scaled to “full size”
dimensions of a 5m diameter tunnel this corresponds to HRRs between 5 and 30MW.
Longitudinal airflow was produced using compressed air at one end of the apparatus

[21]. The main conclusion from these tests was:

The effect of dope on the critical velocity required to control smoke is modest.



The same apparatus was modified to study the influence of tunnel geometry on critical
velocity [21]. Burner fire experiments were carried out in the apparatus as described,
then the tunnel section was replaced with a new section of different aspect (250mm x
250mm) and the test series was repeated. Then the tunnel section was again replaced
with another new section of different aspect (500mm x 250mm) and the test series was

repeated. The results from the three series were compared. Conclusions include:

The critical velocity required to control smoke varies with the mean hydraulic
diameter of a tunnel (ratio of 4 times the tunnel cross-sectiona area to the tunnel
perimeter).

A universal formulafor critical velocity may be possible (subject to further work).

2.8.4 A small scale model for CFD model testing (1997)

Tests have been carried out in a lab scale “tunnel” at Turin Polytechnic University,
primarily for the testing of CFD models [90]. The apparatus is modular in design so
different lengths of tunnel may be tested, but the configuration described in the
literature was 1.0m long, 0.1m high and 0.2m wide. The tunnel is constructed of
concrete but has a ceramic-glass wall on one side for observation and recording
purposes. Ventilation ducts along the top of the tunnel can smulate transverse
ventilation and fans at one end can drive longitudina ventilation as well. The fire
source can be either a fuel pool or a gas burner. A naturally ventilated petrol pool fire
test is presented in the literature. No conclusions are presented from the experimental
work, but the advantages and limitations of the CFD model are presented.

There have been other tunnel fire test series carried out at a laboratory scale. Recently
Megret et al. [91] described a new lab scale apparatus to study smoke control in tunnels,
although no experimental results have been published to date. Other research centres
are undoubtedly continuing to investigate tunnel fire phenomena at a laboratory scale,
and will do so in the future. The few lab scale studies that have been presented here
demonstrate the sort of conclusions that can and can’t be drawn from very small scale
experimental tests. Most of the small scale (and some of the larger scale) experiments
have been carried out in parallel to numerical or computational studies, and it is to these

computer models that we now turn.



29  Summary of experimental observations

While the conclusions from some of the studies described above appear to contradict the
conclusions from some of the others, there are several aspects of tunnel fire behaviour
which have been observed in different experimental test series. These are summarised
below:

Smoke
Fires in tunnels produce thick smoke layers which advance faster than walking
Speed.
Smoke stratification is destroyed by longitudinal ventilation.
Smoke stratification is destroyed if sprinklers are used.
Smoke does not remain stratified even in naturally ventilated tunnels.

There is asignificant reduction in visibility before the onset of debilitating heat.

Heat release rate

Naturally and semi-transversely ventilated (pool) fires burn slower than those in the
ope